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Abstract
Progress in the development of energy-efficient coatings has led to recent
investigations of smart windows with the ability to control heat and light. Of particular
interest for this dissertation is the fabrication of vanadium dioxide (VO2) thermochromic
nanomaterials using an environmentally friendly approach with good performance for
optical switching. Tungsten (W) doped VO2/GO (graphene oxide) hybrids were
successfully prepared using a one-step hydrothermal method. At 2 at. % doping, VO2
nanotubes were successfully synthesized with tunable phase transition temperatures (Tc)
achieved as low as 42oC. In addition, various experimental parameters including reaction
temperature, reaction time, and W doping concentration were examined. Compared to the
other reaction parameters, reaction time was found to have the most important influence
on the vanadium morphology, phase purity and phase Tc.
In addition to nanotube structure, nanofiber shaped VO2 was synthesized via an
environmental friendly sol-gel method with supercritical CO2. ScCO2 was found to help
facilitate nanostructure formation and maintain high surface areas of the VO2 nanostructure.
The vanadium products were characterized by XRD, XPS, SEM, EDX and DSC. At a
reaction temperature of 40oC, microsphere structure was formed with a Tc around 80oC.
Further increasing reaction temperature to 70oC led to nanobelt structure forming, which
gave a Tc around 80oC. Reaction temperature was found to play a signification role in phase
purity, morphology. The reaction pressure and volumetric ratio R showed only a minor
effect on nanostructure.
I

The mechanism of formation of VO2(M) microspheres and nanofiber structure was
further investigated by in-situ Fourier transmission infrared (ATF-FTIR) analysis. The
results showed that pentavalent vanadium was much easier to synthesize than tetravalent
vanadium with a lower reaction temperature. Nanofiber formation was enhanced by a
higher volumetric ratio and higher reaction temperature. Significant band shifts in the
1350-1520 cm-1 region of the FTIR spectrum indicated a structural change from sphere to
fiber formation. The FTIR results also indicated that the formation of nanofibers was
favored by one-dimensional condensation, while microspheres were favored by threedimensional condensation.

.

KEYWORDS: VO2, Monoclinic, supercritical CO2, nanofiber, nanotube, nanobelt,
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Chapter 1. Introduction

1.1. Background
In Canada, residential and commercial buildings consume large quantities of energy as shown
in Fig.1.1a. Space heating and space cooling consume around 60% of the total energy usage for
buildings (as shown in Fig. 1.1b) [1]. Current air conditioning systems cause a variety of
environmental problems such as increasing electricity consumption, carbon dioxide emissions and
the formation of other atmospheric pollutants from the required electricity usage [2]. To reduce this
energy consumption, smart window coatings can potentially provide energy savings by an average
of 20% [3]. Smart windows can block unwanted solar radiation and heat while transmitting visible
light that can maintain thermal comfort for the building occupants [4]. Hence, smart window
coatings are highly desirable that can reversibly switch upon a change in temperature and control
both light and heat flow.
Commercial &
Institutional,
14%

Transportation, 25%

Lighting,
10.60%
Space
Heating,
49.20%

Industrial
, 47%

(a)

Auxiliary
Equipme
nt ,
16.20%

Water
Heating,
8.70%

Residential,
14%

(b)
1

Space
Cooling,
7.10%

Auxiliary
Motors,
8.20%

Figure 1.1. (a) Total energy usage by sectors in Canada and (b) Commercial / Institutional
secondary energy use in Canada [1].

1.2. Smart windows
There are three parts of solar energy of importance to smart windows including visible light
(380 nm-780 nm), near infrared (780 nm-3000 nm) and ultraviolet (below 300 nm), as shown in
Figure 1.2. When solar radiation interacts with a surface, it can be transmitted, absorbed or
reflected. These processes depend on three parameters (wavelength, incident angle and material
optical properties). Light falls on a surface can either be absorbed, transmitted or reflected,
depending on the properties of the material involved (reflection factors, absorption factors and
transmission factors). The total solar energy conservation can be calculated by the sum of the
fractions of transmittance (T), absorbance (A) and reflectance (R), as shown in the equation below.
(1.1)

𝑇(𝜆) + 𝐴(𝜆) + 𝑅(𝜆) = 100%

2

Figure 1.2. Solar radiation distributions [5]
To reduce energy consumption and heat loss from windows, and effectively utilize the solar
daylight energy, new technologies are focusing on energy saving windows, including solar control
glazing, color absorbing glazing, and multiple layer glazing [6]. Several important parameters
influencing the heat transfer through windows includes outdoor conditions, shading, building
orientation, type of window, glass properties and glazing characteristics. Improving the glazing
characteristics of windows such as thermal transmittance and solar parameters are considered to
be the most important for building windows [7].
There are four modern intelligent window coatings for energy saving purposes, i.e. low
emission coatings, dielectric/metal/dielectric (D/M/D) films, micro blinds and switchable
reflective devices. The schematic of various smart windows is shown in figure 1.3.

3

Figure 1.3. Various types of smart window coatings.

Low emission coatings such as selective films can reflect a wide range of solar radiation
(mostly IR and UV wavelengths) while allowing visible light to be transmitted to reduce the
radiative heat transfer, either into or out from the building. Due to their high IR reflectance, low
emission coatings have been investigated in the last two decades. However, low visible
transmittance has limited their industrial applications. Alonso-Alvarez et al. group reported that
indium tin oxide (ITO) and Al doped ZnO films could be fabricated on silicon substrates under
several annealing temperatures [8]. The resulting film is a single layer with high transparency and
high conductivity. The best results showed that an optimized thickness of 75 nm gave an average
4

absorptivity of 0.79 in the solar spectrum between 300-2000 nm (as solar cells). Table 1.1 shows
the manufacturing glazing performances including transmittance changes under visible light and
UV light, commercial product names and coating methods. Compared to the commercial window
standards, most emission coatings show low transmittance under visible light (<65%) that
influences the visual comfort for the users.

Table 1.1. Manufacturing glazing with low emission coatings [8]
Manufacturer

Product

Tvis(%)

TUV(%)

Coating

Guardian

Climaguard

55

18

Soft coat

Climaguard

55/27

Pllkington

K glass

57

-

Hard coat

PPG Industries

Sun gate 400

56

32

Hard coat

Cardinal Glass

LoE-366

65

1

Soft coat

CP Films

Ener Logic

29

1

Hard coat

51

1

Hard coat

31

1

Hard coat

VEP35
Saint-Gobain

Solar Gard
Ecolux

3M

Silver 35 low-E

Dielectric/metal/dielectric (D/M/D) multilayer structures have also attracted much attention
[9, 10]. These D/M/D films reflect solar radiation in the infrared region via reflective metal films
that can transmit visible and near infrared radiation via two antireflective dielectric coatings. It is
important to develop methods for making new D/M/D coatings, due to the instabilities and high
cost of the current approaches. Dan et al. researched concentrating solar power (CSP) technology
5

that harvests solar energy in the form of heat using solar selective absorber coatings (D/M/D films).
Figure 1.4 shows the resulting absorber coating and schematic of their D/M/D films. These
coatings are expected to absorb incoming solar radiation and prevent loss of the absorbed energy
as infrared radiation. The results showed that the absorber materials have high absorptions (α) >
0.95 in the solar spectrum (0.3–2.5 µm) and low thermal emittance (ε) < 0.05 in the thermal
radiation region. Design principles for device fabrication and physical mechanisms of D/M/D films
depend on the type of selective absorber coatings. These can be classified into various types of
D/M/D films such as intrinsic absorber, semiconductor coatings, multilayer coatings, textured
surfaces, etc.
(a)

(b)

Figure 1.4. Various types of solar selective absorber coatings: (a) ideal solar absorber and (b)
dielectric-metal-dielectric based absorber [11].
6

Switching reflective devices automatically alter their properties in accordance with the
environmental conditions. The most common switching reflective devices are chromic materials,
liquid crystals and suspended particle windows. Liquid crystals and suspended particle windows
are dependent on an electric field to control the light transition. Chromic materials have the
advantages of simple manufacturing, easy to scale potential, with lower technical and financial
barriers.
1.3. Chromic materials
Chromic windows are classified into: electrochromic windows, gasochromic windows,
photochromic windows and thermochromic windows. The most well-known chromic material is
a photochromic material in which the optical transmittance changes with ultraviolet irradiation.
The materials used in sunglasses alter color with UV radiation and return to their original state in
the absence of such irradiation. However, several disadvantages of photochromic materials are due
to their color dependence on UV solar irradiation. This means that when they are used indoors in
buildings and vehicles, the coloration and bleaching dynamics are usually undesirably slow with
time constants of many minutes. This slow transition time is a major disadvantage that limits its
applications [12]. A prototype sample of photochromic window was fabricated by Wu et al’s. group,
as shown in figure 1.5. The resulting double-glazing system was constructed by two separate
substrates with an air gap in thickness of 12 mm between the glass layers. It is observed that the
tinted PC coating contributes to distinct reduction in visible light transmittance (24.6% of clear
state versus 65.0% of tinted state) and solar transmittance (11.5% of tinted state versus 25.1% of
7

clear state) [13].

Figure 1.5. Prototype of photochromic window based on double glazing design [13].

Electrochromic materials can alter their properties in response to an applied current or
voltage. The benefits of electrochromic window coatings depend on the balance of consuming
electrical energy for window operation and the obtained savings from electricity for air
conditioning or natural gas savings from reduced heating. There are two main factors to consider,
control strategies and personal comfortability in rooms equipped with such windows. For example,
day lighting systems can be integrated based on optical fibers which can reduce electricity
consumption. Yang et al. used the smart function properties of changing color by electrochromic
materials for application as supercapacitor electrodes. During the charge insertion and de-insertion
process, electrochromic materials change their colors accordingly. Spectral changes accompanying
a redox reaction is visually indiscernible if the optical absorptions fall in the ultraviolet or infrared
wavelength region. When the change is in the visible region, then the electrochromism can be
formulated as coloring or bleaching effected by an electron-transfer process. There is no redox
8

reaction in the electrical double layer capacitor, so the current response to electric potential
changing is rapid, which leads to high power density [14].

Figure 1.6. Applications of electrochromic devices. (a) Design of electrochromic window. (b)
Smart switchable window applied in Boeing aircraft produced by SmartTint® (c) Photographs of
the electrochromic lens (d) Automatic dimming mirror based on electrochromism produced by
Gentex®. Printable and flexible electrochromic displays designed by (e) Prelonic Technologies®
and (f) Siemens® [14].

Compared to the other chromic materials, optical properties of gasochromic materials exhibit
a different mechanism. They alter color depending on whether they are exposed to oxidizing or
reducing gases. Henfling et al’s. group combined UV-Vis spectroscopy with contact potential
difference measurements to test the sensitivity of gasochromic film [15]. To test the combined
measurements, they used a phenol red based film with known sensitivity to CO2. When in contact
9

with CO2, the phenol red based layer showed changes in the absorption spectra and in the contact
potential difference. The results showed optical signal changes corresponding to temperature
changes, however the electrical signal seemed to be independent of temperature. Figure 1.7 shows
the Kelvin measurement of contact potential difference between two different materials with the
help of a vibrating electrode. Because the measurements using gaschromic sensitive films and the
Kelvin measurement are easily performed, rapid investigations of various materials and gases is
possible.

Figure 1.7. Schematic diagram of CPD measurement [15].

Table 1.2 compares the optical and thermal properties of various smart windows, including
photochromic, thermochromic, electrochromic, liquid crystal and suspended particle. Most of
these smart window coatings require electricity activation and show limited energy savings.
Compared to the other smart window choices, thermochromic windows eliminate these
disadvantages, providing excellent properties with no electricity activation and high energy
10

savings.

Table 1.2 Comparison of various smart window coatings.
Smart window

Photochromic

Thermochromic

Electrochromic

Liquid Crystal

Suspend
Particle

Activation

Light

Heat

Voltage/ current

Voltage

Current

Color

Bleach

Colored

Colored

Bleach

Bleach

Control
the
amount of heat

High heat gain

Energy saving

Reversible
changing color
when a burst of
charge is applied

Transmit
incident light

UV protector,

Thermal
Performance
Optical
Performance

Applications

Advantages

Reflecting
gain

heat

UV protector,
lighten
at
sunlight
and
dusk

Reflecting
infrared light

Sunglass, data
storage

Thermochromic
paints,
Thermochromic
papers, Duracell
battery
state
indicators

Electrochromic
devices as smart
glasses,
automobile
industry

Electrooptical
devices,
hyperspectral
imaging

Polaroid

No
activation
electricity. High
energy saving

Energy saving

Control
privacy

Instantaneous

No activation
electricity. No
foggy effect

reduction

of

infrared light

camera,
windows

control

of

light, outside
visibility,
wide range of
transmittance
Disadvantages

Difficulties for
large
scale
applications.
Can’t
reduce
heat
gains.
Darker in the
winter
than
summer.

Difficulties
for
large
scale
applications

Needed
activation
electricity

No
energy
saving, needed
activation
electricity

Limited size,
needed
activation
electricity
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Thermochromic windows alter their color in response to temperature variations. They can
control the transmission and reflectance properties of sunlight in order to decrease any un-needed
solar energy [16]. The material used for thermochromic window coatings is required to alter its
optical properties by changes of temperature, with the material undergoing a phase transition
temperature, i.e. Tc. Transmission changing is due to the changing of the term as a function of
temperature and wavelength in Beer-Lambert Law during MST [17]. Table 1.3 provides the ideal
optical performance of thermochromic windows. The ideal smart window should maintain the
visible transmittance and reflectance properties equally on both sides of the transition, while the
infrared variation should be > 60%. The transmittance variation (∆T) and reflectance variation (∆R)
can be calculated as follows:
∆𝑇% = (𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑 ) ∗ 100

(1.2)

∆𝑅% = (𝑅ℎ𝑜𝑡 − 𝑅𝑐𝑜𝑙𝑑 ) ∗ 100

(1.3)

where Thot is the transmittance in the hot state, Tcold is the transmittance in the cold state, Rhot is the
reflectance in the hot state and Rcold is the reflectance in the cold state.
Table 1.3. Ideal optical performance of thermochromic windows.
State
T<Tc
T>Tc
Wavelength
Visible (%)
Near infrared (%)
Visible (%)
Near infrared
(%)
Transmittance
60-65
80
60-65
15
(∆T)
Reflectance
17
12
17
77
(∆R)
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The mechanism of thermochromic windows is shown in Figure 1.8. The thermochromic
window can automatically change its color with temperature variation [7]. Thermochromic
windows can decrease the buildings energy consumption by changing the windows reflectance and
transmission properties and reducing any unwanted solar radiation [18]. Some other materials
besides VO2 also show color changing properties with temperature, including SiO2 [19], ZrO2 [20],
TiO2 [21, 22], CeO2 [23, 24], etc. Saeli et al. used gold nanoparticle incorporation leading to a
significant change in the color of the films from a yellow-brown color to a variety of greens and
blues depending on the gold nanoparticle concentration. The films become more reflective in the
infra-red with increased gold nanoparticle incorporation [25]. Table 1.4 provides the transition
temperature and film colors for various thermochromic windows. Comparing these thermochromic
films, pure VO2 shows a suitable transition temperature at 68 °C, near room temperature. The
shortcoming of VO2 coatings is their low transmittance in visible light around 40% to 50%, which
is lower than the acceptable value (>60%). This is why we must modify the VO2 material’s
morphology or with doping atoms.
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Figure 1.8. Schematic representation of thermochromic material working [26].

Table 1.4. Various thermochromic materials.
Themochromic materials

Transition temperature (oC)

Film color

Pure VO2 [27]

68

Brown/yellow

TiO2 [28]

60

Brown/yellow

CeO2 [29]

60

Brown/yellow

Chromium-rich pyropes

80

Green
14

[30]
Nickel sulfate [31]

155

Grey/red

Bis(dimethylammonium)

110

Blue/red

126

Yellow/red

tetrachloronickelate [32]
Mercury(II) iodide [32]

1.4. Vanadium Oxides
Recent research has focused on using vanadium oxide nanostructures due to their physical and
chemical properties that make them suitable for optical switches. Vanadium possesses abundant
oxidation states that are usually comprised of various binary oxides with a formula of VO2+x (0.5≤x≤0.5), including V3O7 [33], V2O5 [34], VO [35], VO2 [36, 37], VO3 [38], etc. In this thesis,
VO2 is of primary interest due to its unique optical properties as discussed below.
Vanadium oxide VO2(M) is one type of thermochromic window coating, which is a promising
smart material. Vanadium dioxide (VO2) likewise exhibits an metal-to-semiconductor transition
(MST) at ~68oC with huge changes in physical properties of electrical resistivity, infrared
transmittance, magnetic susceptibility and optical properties and coupled to a structural phase
transition from monoclinic to tetragonal [39]. When the temperature is below VO2(M)’s Tc, it has
a monoclinic phase which has a high transmittance and no reflectance in both the visible and infrared regions [40, 41]. Below Tc, most of the radiation is allowed to pass through the window, thus
maximizing heat flow to the building to help keep it warm. When the room temperature is above
15

Tc, VO2 as a rutile phase becomes reflective to a wide range of solar radiation, especially in the
infra-red region [42].
VO2 system is always accompanied by a structural transition, remarkable experimental and
theoretical efforts have been devoted to addressing the role of structural transformation and
electron–electron correlation in driving the MST. The complex physics of vanadium dioxide phase
transition (MST) has been debated. Unlike other strong correlated materials including V2O3, where
phase transitions are satisfactorily explained by the Mott mechanism alone. The MST in vanadium
dioxide is complicated by accompanying spin-Peierls instability that leads via strong electronphonon coupling to the formation of spin-singlet states via bonding-antibonding splitting of the
𝑑𝑥 2 −𝑦 2 bands [43]. This remarkable phase transition (MST) is accompanied by a large
modification of its electrical and optical properties: the electrical resistivity decreases by several
orders of magnitude between the semiconductor and the metallic states while the reflectivity in the
near-infrared optical domain increases [44].
The Tc of VO2 is about 68oC with optical reflectivity change. 68oC confines its commercial
applications, due to smart windows needs lower Tc~40oC (building glass temperature in summer)
[3]and solar thermal cells needs higher Tc~70-120oC for higher temperature application [45]. To
modify the Tc to be suitable for smart window coatings or solar cells, doping atoms have been
shown either to lower or to increase the transition temperature. For example, doping VO2 with
impurities including Nb [46], Mg [47], Mo [48], W [49-51] (N-type doping) can lower Tc while
(p-type) doping with Al [52], Zn [53], Fe [54], Ti [55] can raise Tc. However, the role of doping is
often not clear, as for example Al doping with pulse laser deposition was shown to lower Tc [56].
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VO2 has a variety of crystal phases, such as VO2(B) (metastable, monoclinc) [57], VO2(M)
(monoclinic) [58], VO2(A) (metastable, monoclinic) [59], VO2(R) (rutile) [60] and VO2(D)
(monoclinic). One type of metastable vanadium oxide, i.e. VO2(B), has attracted significant
attention due to its excellent electrochemical properties for electrode materials for ultrafast Li ion
batteries [61, 62]. In addition, VO2(B) is normally used as the precursor to transform into VO2(M)
[63]. At low reaction temperatures, the metastable VO2(B) phase is firstly synthesized, which
transforms to VO2(M) at a certain temperature [64]. Tetragonal VO2(A) exhibits a metalsemiconductor transition at 162 oC. VO2(A) is as an intermediate product during the phase
transformation from VO2(B) to VO2(M). Recently, VO2(A) nanobelts have been synthesized by
the transition of VO2(B) using H2O as the solvent under hydrothermal conditions at reaction
temperatures between 200 and 280 °C [65]. In this work, the synthesis of pure monoclinic VO2(M)
without any other crystal phases such as VO2(B) and VO2(A) is of interest. This requires
controlling the experimental parameters precisely to control the crystal phases which is a major
current challenge.
Amongst all these phases, VO2(M) and VO2(R) are the two main crystalline structures. Figure
1.9 shows the structure of these two phases. VO2(M) can be fully reversible from the metal to
semiconductor transition at the relatively low temperature(Tc) ~68oC, which leads to a dramatic
change in its electrical resistivity from 103 below to 105 above Tc, and optical properties in the near
infrared (IR) region from 0.8-2.2um [66]. During this process, VO2(M), as a semiconductor with
infrared transparency (~80% transmission), monoclinic phase (above 68oC) converts to VO2(R), a
metal with high infrared reflectivity (nearly opaque few% transmission), and a tetragonal (rutile)
17

phase. The speed of VO2 phase transition is ultrafast, i.e. in the order of nanoseconds, which is
essentially reversible indefinitely with no degradation of behavior [67].

Figure 1.9. The structure of VO2 in (a) M phase and (b) R phase. The large and small balls
represent the V and O atoms, respectively [66].

Although the mechanism of VO2 phase transition is not clear, the phase transition is
accompanied by a rearrangement of the atomic network between monoclinic and rutile phases [66].
It is also not clear from the literature on how changing the nanomorphology will change the T c,
which will be examined in this thesis. Some researchers have shown that changes of the atomic
positions in the VO2 structure are associated with excitations of lattice vibrations [68]. The Raman
active mode with frequency of 212.7 cm-1 in the M phase has been shown as the main contribution
to the M to R phase transition.
Recently, a variety of studies have investigated the synthesis VO2 nanocomposites because of
their unique properties and widespread applications in areas such as catalysts [69, 70], cathode
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materials [70, 71], gas sensors [72, 73] and window coatings [58, 74, 75]. Previous studies have
synthesized doped VO2(M) mixing with other crystal phases such as metastable VO2(B) and were
not successful in isolating VO2(M). These mixed V oxides would lead to poor optical properties
as smart window coatings, which is an area to be examined in this thesis.
VO2 has been shown as a promising material to produce smart window coatings and solar
panels. However, several limitations restrict VO2 synthesis and fabrication towards the low cost
and large-scale production of the desired oxides. To solve these problems, new methods are
required to prepare VO2 products with controllable nanostructure and unique optical properties.
Generally, there are three common methods to synthesize VO2 nanostructures, including:
chemical vapor deposition (CVD), sputtering, hydrothermal and the sol-gel method. CVD is a
common manufacturing process for deposition of thin films with excellent properties. Specially,
atmospheric pressure chemical vapor deposition (APCVD) is suitable for glass manufacturing.
Manning et al. prepared W doped VO2 thin films on glass using the APCVD method with
vanadium(IV) chloride, tungsten(VI) chloride, and water. The Tc was reduced from 68 °C to 46 °C,
which approaches the requirements for commercial smart windows [76, 77]. However, these films
showed a disappointing transmission of 11- 40%, which is lower than the acceptable transmission
level (i.e. > 65%). In a study carried out by Vernardou et al., tungstate-doped VO2(M) was coated
onto windows using an atmospheric-pressure, direct liquid injection metal-organic (DLI-MO)
CVD method. This method showed that the Tc was decreased from 60 °C in VO2 (M) to 45 °C in
V0.98W0.02O2 [40]. However, the VO2 prepared by the MOCVD technology does not provide
sufficient mechanical properties and was easily removed by rinsing with water.
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Sputtering is a physical vapor deposition method to prepare VO2 films. Diode current, radio
frequency and magnetron sputtering are the most commonly used methods. Compared to the other
methods, this process has the advantages of easy deposition, uniform film thickness and high
flexibility for large surface areas [78]. Using radio frequency reactive sputtering, a Tc of 68 °C was
achieved for VO2 thin films deposited onto an amorphous silica substrate. The switching property
of ΔT=76% (transmittance change) and ΔR=75% (reflectance change) was obtained for a
temperature variation of only 4 °C, but the Tc was too high to be comparable with other films [79].
Saitzek et al. used a RF sputtering process to prepare bilayers of VO2 and CeO2. They obtained a
ΔT = 0.55, for a wavelength λ = 2.5 μm, and ΔR = 0.50 in the wavelength range from 5 to 25 μm.
These films did not show satisfactory switching performance [80]. Bo Chen et al. used pulse laser
deposition in a research collaboration between Canada’s National Research Council-Integrated
Manufacturing Technologies Institute (NRC-IMTI) and the Charpentier lab to prepare VO2 thin
films on Si and soda lime glass substrates [56]. The resulting thin films showed excellent Tc values,
as low as 40oC. However, laser techniques also have a series of disadvantages, such as only small
areas of substrate can be covered in a reasonable time-frame. In addition, droplets and clusters may
also appear on the surface of the films.
The sol-gel method for VO2 synthesis has been widely examined due to several advantages
including: a uniform phase distribution, high phase purity, low reaction temperature, and a welldefined morphology. This method has been employed to synthesize VO2 doped structures
integrating other metals due to fine control of the chemical composition of the products using small
quantities of dopants. VO2/Al2O3 thin films were prepared by a sol-gel method on sapphire
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substrates, which involved a low pressure annealing in oxygen. The films showed a Tc around
65°C [81].
The properties of metal oxides prepared by the sol-gel method mainly depend on the reaction
parameters, including reaction temperature, solvent, reaction pressure and the solvent venting
process. Supercritical carbon dioxide (scCO2) as a green solvent is of interest to replace
conventional organic solvents to synthesize advanced materials[82]. Compared to the conventional
sol-gel method, this approach has several advantages including maintaining nano-features and a
high surface area of the materials after CO2 drying and venting. Low viscosity, low (“zero”) surface
tension, and high diffusivity are considered favorable physical properties of the solvent to produce
well-defined uniform products. The scCO2 solvent can be easily removed from the product by
simple venting of CO2. There is no other drying or evaporation steps needed. Sui et al. used this
method to synthesize titania nanofibers, which gave diameters from 9 to 100 nm. The nanofibers
showed high surface areas of 400 m2/g and the formation of nanocrystallites after calcination [83].
Lucky et al. in the Charpentier group studied the thermal performance of ZrO2-TiO2 nanotubes
that were prepared by the sol-gel method in scCO2. The resulting aerogel powders were composed
of nanotubes that have a diameter of 50-140 nm with several micrometers lengths and thickness
around 14-50 nm along their length [84].
Many researchers recently have examined the synthesis of VO2 by using the hydrothermal
method due to its relatively simplicity, low cost, efficient, large scale and mass manufacturing
potential. Mai et al. synthesized Mo doped VO2(M) by V2O5, MoO3 and hexadecylamine as
precursors under hydrothermal conditions and after calcination [85]. Zhang et al. reported that
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VO2(M) with nanobelt structures were prepared by V2O5, H2O2 and CH3CH2OH using the
hydrothermal route [86].

The hydrothermal route can be classified into two categories: one-step hydrothermal route and
combined thermal treatment processes. The one-step hydrothermal route is much simpler, more
efficient with a lower potential cost. The hydrothermal method allows one to prepare materials by
controlling several reaction conditions, i.e.: reaction duration, reaction temperature, pH, filling
volumetric percentages of the autoclave, reaction pressure, various reducing agents, etc. These
conditions can potentially control the phase states and desired morphologies of the materials [87].
One material of interest for doping into VO2 in this thesis is graphene. Graphene is a 2D atomic
thick carbon layer with excellent properties, including excellent conductivity, high surface area,
flexibility, easily bending and mechanical stability [88]. Graphene oxide is usually employed as
the precursor, where the oxygen-bearing functional groups on the surface can enhance the
solubility of the oxidized graphene sheets in water. This helps enable the intercalation of molecules
in the interlamellar space, facilitating the synthesis of graphene-based hybrids [89]. Previous
studies showed that graphene is an excellent stabilizing matrix that can integrate various metal
oxides [90]. Additionally, anchoring of the metal oxide nanoparticles onto graphene sheets can
prevent the product aggregation and loss of surface areas. Yang et al.’s group synthesized VO2grahene ribbons as cathode materials for ultrafast Lithium storage devices. Hybrid graphene can
increase the electrical conductivity of the overall electrode based on the graphene network.
Recently, several studies have focused on the synthesis of VO2(B)/graphene oxide material due to
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its unique electrochemical properties. In our work, we employed W doped VO2(M)/graphene oxide
nanomaterial as a thermochromic window, due to its high flexibility for easily coatings, and its
high thermal conductivity for thermal transport.

1.5. Adjustment of transition temperature
A major challenge using VO2 as a thermochromic material is the high Tc at 68oC, which is
much higher than the comfortable temperature of a building (~23°C). To control the transition
temperature of VO2(M), doping additives such as tungsten have been shown to lower the Tc for
smart window coatings [77], while those with aluminum can enhance the Tc for solar cell
applications [91]. The transition temperature of VO2(M) is adjustable by doping with additives
including Mo, Nb, W atoms and so on, or with their metal oxides. Doping atoms into the VO2
lattice can help either increase or decrease Tc [74]. Additionally, co-doping with more than one
metal may narrow the hysteresis to nearly zero with the advantage of a more reproducible Tc that
can be used for controllable optical switching [92]. Studies have revealed that doping VO2 with
additives including Nb, Mo, W (n-type doping) can help lower Tc, while (p-type) doping with Al,
Zn, Fe can raise the Tc. For example, Zhang’s group demonstrated that W, Mo, Sn and Fe doping
can enhance the formation of VO2(M) [93]. Doping W and Mo additives can effectively decrease
Tc of VO2(M), while Sn and Fe dopants had only a minor effect on the Tc. The DSC curves and
UV-vis spectra of the results are shown in Figure 1.10. From figure 1.10a, it can be observed that
the different atoms doping into VO2 slightly lower the Tc. And figure 1.10b shows that the
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transmittance changes a lot before and after phase transition. That means the doping atoms
successfully changing the transmittance in near-infrared region. Lower Tc and transmittance
changing make it a good candidate for smart windows.
(a)
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(b)

Figure 1.10. DSC curves and UV-vis spectra of doped VO2(M) with various atoms [86].
The mechanism of doping VO2 with tungsten (W) was recently examined, which showed that
the local structure is initially symmetric tetragonal rutile structure near the W atom. Then a
concentration dependent evolution occurs associated with the interactions between the dopant W
element and the VO2 lattice. This causes distortion, further repulsion, and final stabilization though
the MST region [94]. Experimental results showed that the symmetric W core makes the detwisting of the surrounding asymmetric VO2(M) lattice to form symmetric VO2(R) nuclei. These
W-encompassed nuclei spread over the matrix, helping reduce the thermal energy barrier for the
MST.
Figures 1.11 DSC curves of VO2 with different W dopant concentrations (2%, 3%, 4% and
6%). It was observed that different doping concentration has a great influence on the Tc. The
relative intensities of the peaks in DSC decreased with the increasing doping concentration until
6%. There were almost no peaks in 6%. It was found that the local structure of W additives with
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lower concentrations gives a tetragonal-like structure, but distorted by the near asymmetric
monoclinic VO2 lattice. However, with higher doping concentrations, W atoms have their own
growth habits that hamper the crystalline growth of the VO2 lattice. Higher doping concentrations

Relative hear flow (mW)

were found to lead to other symmetric crystal phase(s) formation. [95].

Temperature (oC)

Figure 1.11. DSC curves of W doped VO2(M) with various contents of W [86].
.

1.6. Objectives
Our main interest in this dissertation is to investigate VO2 nanomaterials in smart window
coating applications due to their promising features as alluded to above. From the existing research,
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although VO2(B) has been synthesized by ammonium vanadate, GO and formic acid, W doped
VO2(M)/GO has not been synthesized yet. And we had no idea if it can successfully decrease the
transition temperature with acceptable transmittance in visible light. Although TiO2, SiO2 has been
successfully prepared by sol-gel with scCO2, we don’t know whether VO2 can be synthesized by
sol-gel with scCO2 or not. And there is lack of information on the controlled synthesis of VO2(M)
with varying nanostructure and optimized optical properties. In this thesis, two modified methods,
i.e. a one-step hydrothermal method and a sol-gel supercritical method were examined in order to
prepare VO2(M) with high purity and controlled nanostructure. It was hypothesized that these
could help control VO2’s optical properties, specifically including the following 3 objectives.
1) Synthesis of W doped VO2(M)/GO with controlled morphology and optical properties.
A novel one-step hydrothermal approach for synthesizing W doped VO2(M)/GO hybrid with threedimensional architectures was attempted. Graphene oxide was used as the substrate for the in-situ
growth of VO2 nanostructure via the reduction of V2O5 by GO. This method facilitates to
synthesize purity VO2(M) without other impurities, especially VO2(B). Nanotube and GO wrapped
nanotubes were obtained by a one-step hydrothermal method. These were found to exhibit
excellent optical properties with Tc’s as low as 45oC in heating and 40oC in cooling.
2) Investigation of the effects of experimental conditions on sol-gel reaction in supercritical
CO2 to optimize the glazing properties of VO2.
A sol-gel method with scCO2 was examined to prepare VO2 aerogels since scCO2 provides a low
viscosity, negligible surface tension with high diffusivity to produce superior fine and uniform
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particles. Nanofibers, nanobelts, nanospheres and microspheres were prepared by the sol-gel
method with scCO2. Various physic-chemical techniques including XRD, XPS, SEM, TEM, EDX,
DSC were used to characterize the resulting material. In the meanwhile, changing the experimental
parameters including reaction temperature, reaction pressure, volumetric ratio were examined to obtain
controlled size and shape nano-sized products.

3) Study of the mechanism/kinetics of sol-gel reaction under supercritical CO2 by in situ
FTIR.
In this study, an environmental benign sol-gel method in scCO2 will be employed for the synthesis
of VO2 nanostructures, and in situ ATR-FTIR will be employed to monitor the process in order to
understand the kinetic mechanism of formation, and how nanomorphology influences Tc. During
the reaction and self-assembly process in scCO2, FTIR spectra was used to analyze and calculate
the related concentration of the reactants and products. The reaction conversions were then
calculated under several reaction parameters. In addition, various calcination temperatures were
examined on how they influence nanostructure, to provide further information on the nanostructure
formation mechanism.
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Chapter 2. One-step hydrothermal synthesis of W doped VO2/GO
nanostructure for optical switching applications

ABSTRACT:
Current demand for energy-saving coatings has led to the study of thermochromic smart windows
using VO2 materials with optical switching properties. However, scale-up of these nanomaterials
and their transition properties are poorly understood. Here, we demonstrate a simple one-step
hydrothermal method to synthesize W doped VO2(M)/GO with various nanostructures such as
nanotubes and graphene wrapped nanobelts, which enable tuning the phase transition temperature
(Tc) to as low as 45oC in heating and 40oC in cooling. Various experimental parameters including
reaction temperature, reaction time, and W doping concentration are examined. Compared with
reaction temperature, reaction time was found to play a key role in the synthesis process. The result
shows reaction at 6.5 days, 300oC with 3 at. % W doping gave a pure M phase and the lowest Tc
of 42oC while Tc could be tuned with different doping contents.

KEYWORDS: VO2(M), graphene oxide, W doping, phase transition temperature, nanotube,
nanobelt, Graphene wrapped nanotube
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2.1. INTRODUCTION
Tremendous amounts of energy are consumed every year for maintaining our thermal comfort
in residential and commercial buildings, requiring heating and air conditioning. These processes
lead to increased electricity consumption, CO2 emissions and the formation of large amounts of
air pollutants, including SO2 and NOX emissions and particulate matter (PM10, PM2.5) [1]. To
alleviate these environmental problems, new advanced materials are required to regulate the
energy transfer for buildings’ energy requirements. About 35% of the heat energy escapes through
the windows that leads to tremendous energy losses [2]. Smart windows can automatically alter
their optical properties with temperature without consuming extra energy, thus blocking unwanted
solar radiation [3-5]. Smart window coatings can block unwanted solar radiation and heat transfer
while maintaining controlled visible light transmittance [6]. Current smart window coatings for
energy-savings include low-emitting films [7, 8], switchable window devices [9-11] and smart
blinds [12]. In the past decade, most attention has focused on studying low-emission films and
smart blinds. Recently, smart window devices have attracted more attention due to their simplicity,
low cost and easy control. Figure 2.1 compares the cooling and electric lighting energy
consumption of the various smart window optical devices. As this figure shows, electrochromic
and thermochromic windows demand the lowest cooling energy, which is critical to designing the
smart window. Electrochromic windows require wiring in the system with higher installation costs.
They also provide poor visible transmission. In comparison, thermochromic windows are a new
type of switchable window device that can control the film’s transmission and reflectance
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properties based on the temperature of the window [13, 14]. Compared to other smart windows,
such as electrochromic, gasochromic or photochromic windows, VO2 thermochromic windows are
attractive due to their simple structure, easy synthesis, and direct response to environmental
temperature.
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Figure 2.1. Schematic of electric lighting energy and cooling energy among various smart
windows [14].

Various thermochromic coatings have previously been investigated for use in sensors [15],
optical switches [16], variable reflectance mirrors [17] and intelligent window coatings [18].
Vanadium dioxide (VO2) is of significant interest due to its unique optical and electrochemical
properties changes during semiconducting to metallic phase transition, which was first found by
Morin in 1959 [19]. Vanadium possesses abundant oxidation states often involving various binary
oxides with a general formula of VnO2n±1, including V4O7 [20], V2O5 [21], V6O11 [22], VO2 [23],
43

V4O9 [24], etc. Vanadium oxides as one type of functional material have a unique layer structure
with both novel physical and chemical properties. These features allow them to be used in several
applications such as cathode materials for Li-ion batteries [25], optical switches [26], catalysts
[27], electrochemical devices [28], storage mediums [29], gas sensors [30] and smart window
coatings [31]. VO2 has a variety of crystal phases, including VO2(B) [32], VO2(M) [33], VO2(A)
[34] and VO2(R) [35]. Among all these phases, monoclinic VO2(M) and rutile VO2(R) are the two
main crystalline structures. VO2(M) can be fully reversible from low temperature metallic phase
to high temperature semiconductor phase transition at around 68oC, which leads to a dramatic
change of 103-105 increase in electrical resistivity upon cooling below and above Tc, with the
hysteresis width of around 1oC and optical property changes in the near-infrared (NIR) 0.8-2.2 µm
region [36]. During the Tc process, the monoclinic phase (low-temperature) as an insulator with
infrared transparent (~80% transmission) undergoes a phase transition to a metallic rutile phase
(high-temperature) with highly infrared reflectance (nearly opaque few% transmission) [37]. The
speed of VO2 phase transition is very fast, in the order of nanoseconds, which would be practically
reversible indefinitely with no degradation of behavior [38]. There are several ways to prepare
VO2, including CVD, PLD, sputtering and sol gel. Most of these synthetic methods require
complex procedures, high cost and are difficult to implement for large-scale applications. The
hydrothermal method is a simple, cost-efficient and potentially scalable approach. The mechanism
of VO2 as thermochromic window is shown by figure 2.2.
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Figure 2.2. Schematic representation of thermochromic material working.
To modify Tc to be suitable for smart window coatings or solar cells, doping atoms can either
lower or increase the transition temperature. For example, n-type doping with impurities as W, Nb,
Mo, Ta will lead to a decrease of Tc while p-type doping with Fe, Al, Cr, Ti will raise Tc [39].
Zhang’s group illustrated that the dopants of Mo, W, Si, Nb, and Mg could facilitate the formation
of monoclinic vanadium dioxide. In additional, W and Mo atoms can decrease Tc of VO2(M)
effectively, as well as the Fe and Nb atoms has minor effect on the Tc [40]. A previous study
indicated that integrating graphene into vanadium can improve the stability and compability of the
resulting composite [41].
Graphene has a two-dimensional atomic-scale layer structure with high specific surface area
[42], high thermal conductivity [43], flexibility [44] and high fracture strength [45], which is
suitable to host nanomaterials as an ideal matrix. A previous study showed that graphene may be
suitable to form high-quality VO2, due to high fracture strength and excellent bending behavior of
graphene that can be easily transferred to other substrates without any mechanical damage [46].
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Yang et al. used VO2(B)-graphene ribbons as cathode materials for Li-ion batteries which gave
excellent electrochemical properties with rapid charging and discharging [47]. In this work, we
integrated GO to nano-VO2(M) as a promising smart window coating material, due to a previous
study which showed that metastable VO2(B) can transform to monoclinic VO2(M) at specific
experimental conditions. Introducing GO into the vanadium system could facilitate the material
coating onto glass and help stabilize the desired oxidation state of VO2. The GO matrix may also
help facilitate a uniform distribution of the nanomaterial on the surface (i.e. decoration), avoiding
nanomaterial aggregation [48].
Here, we fabricated W doped VO2(M)/GO with a nanotube structure by a one-step
hydrothermal method. To controllably prepare the VO2(M)/GO structure, graphene oxide acted as
the matrix for the formation of VO2 by reduction of V2O5. The phase transition and optical
properties of the materials were investigated by XRD, TEM, SEM and DSC.

2.2. EXPERIMENTAL
2.2.1. Materials
Vanadium pentoxide (99%, reagent grade), formic acid (98%, ACS reagent), tungstic acid
(99%, reagent grade), sulfuric acid (99%, reagent grade), graphite power (< 20 µm, synthetic),
phosphoric acid (85%, ACS reagent), potassium permanganate (99%, ACS reagent), hydrochloric
acid (37%, ACS reagent), and hydrogen peroxide (30%, w/w in H2O) were purchased from SigmaAldrich, Oakville, ON, Canada, and used as received. De-ionized water was taken from a compact
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ultrapure water system (EASY pure LF, Mandel Scientific Co., model BDI-D7381).
2.2.2. Synthesis of Graphene Oxide (GO)
The improved Hummer’s method was used to prepare graphene oxide from graphite powder
[49]. A 6:1 cooled mixture (around 0oC) of H2SO4/ H3PO4 (120 mL: 20 mL) was slowly added to
a flask containing 1.0 g of graphite flakes and 3 g of KMnO4 with stirring and the temperature
maintained of the mixture at 20oC by a chilled water bath. The mixture was then stirred for ~ 4
days until the color turned dark brown grey. The mixture was then kept in the refrigerator to cool
to room temperature, poured onto ice (around 500 mL) with 5 mL 30% H2O2, until the color of the
mixture turned to yellow. Crude products were isolated by centrifugation at 11000 rpm for 15 min.,
followed by washing with 200 mL of 30% HCL, and with water several times until the pH was
around 7. The products were then dried under vacuum for several days at room temperature.
2.2.3. Synthesis of W Doped VO2/GO
1.8 g of commercial V2O5 was dispersed into 165 mL of distilled water using an ultrasonic
bath. Then 0.1 g of GO was poured into the above mixture with magnetic stirring at room
temperature. A predetermined amount of tungstic acid (0 at. %, 1 at. %, 2 at. %, 3 at. %, 4 at. %
and 5 at. %) was dispersed into the above mixing solution. 0.1 M formic acid was added to adjust
the pH value (pH=5). After complete mixing, the solution was transferred to a 275 mL stainless
steel autoclave. The autoclave was sealed and heated to the desired temperature (180-350 oC) for
the predetermined time (1-7) days. Subsequently, the precipitate was obtained by centrifugation,
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and then washed several times with distilled water and dried at 75oC in a vacuum oven overnight
without further calcination.
2.2.4. Characterization.
The rapid analysis of phase identification of crystalline materials of the as synthesized
materials was analyzed using an X-ray Powder Diffractometer (XRD, D2 Phaser) using Cu Kα
(λ=1.54056 Å) radiation between 10o and 80o at a scan rate of 0.01o s-1 under a power of 40 kV *
35 mA. The structure and dimension of the materials were characterized using a Transmission
Electron Microscope (TEM) and Scanning Electron Microscopy (SEM). TEM equipped with a
JEOL 2010F instrument ran at 100 or 200 kV. The 0.1 M specimens were first dispersed in acetone,
then finely ground and placed on a copper grid. Scanning Electron Microscopy (SEM) were
recorded using a Quanta 200 instrument with integrated Energy Dispersive X-ray (EDX). The
elemental composition, chemical state and electronic state of the elements of the samples were
analyzed by X-ray photoelectron spectroscopy (XPS, AXIS ULTRA Kratos Analytical Ltd.). The
phase transition temperature of the samples was determined by differential scanning calorimetry
(DSC) (SDT Q600, TA Instruments, USA) with a heating rate of 10oC min-1 between 10oC to
120oC in nitrogen with the results analyzed using the instruments software (Universal Analysis
2000, TA Instruments, USA).
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2.3. RESULTS AND DISCUSSION
2.3.1. The Effect of Reaction Time
The first set of experiments examined the hydrothermal synthesis conditions (temperature,
time, W doping content) on the resulting transition temperature (Tc) as shown in Table 2.1. The
results show that Tc changes correspond with the experimental parameters, especially with the
reaction time and doping contents, leading to the Tc decreasing from 68oC to 45oC.

Table 2.1. Experimental conditions for hydrothermal synthesis of VO2 structures using graphene
oxide.
Synthesis
temperature (oC)
180
180
180
180
250
280
300
300
300
300
300
300
300
300
300
300
300
300
300
350
350

Synthesis
time (day)
1
1
2
6
6
6
1
2
3
5
6
6.5
6.5
6.5
6.5
6.5
7
8
10
2
3

W Dopant Content
(at%)
0
2
2
2
2
2
2
2
2
2
2
1
2
3
4
5
2
2
2
2
2
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Tc (oC)
68
62
57
60
60
58
53
53
45
45
50
55
60
55
55

350

6

2

-

Figure 2.3 shows the TEM and SEM images of GO sheets obtained using the modified
Hummers method, which shows a typical thin layer structure.
(a)

(b)

Figure 2.3. (a) TEM and (b) SEM images of the synthesized GO.
Figure 2.4 shows the representative SEM (Figure 2.4b&d&f&h) and TEM (Figure
2.4a&c&e&g) images of W doped VO2/GO synthesized at 300oC. It is observed that the W doped
VO2/GO (reaction at 300oC, 3 days with 2 at. % W doping) mainly consists of a large quantity of
belt-like morphology. Figure 2.4d exhibits SEM images of W doped VO2/GO synthesized with the
same reaction temperature at 300oC, but different reaction times of 5 days. It can be observed that
it maintains the same morphology, but the particle size decreases with increasing reaction time.
Figure 2.4e&f exhibit the TEM and SEM images with the reaction time increasing to 6.5 days. It
(d)
can be observed that the nanotube structure appears at 6.5 days with open ends in the SEM image.
The VO2(M) nanotubes are a few micrometers (~6 µm) in length, with the diameter decreasing to
~50 nm. When the reaction lasted for 7 days, there is no obvious morphology or structural
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differences appearing. These figures illustrate that the nanosize and morphology of the samples
are strongly influenced by the reaction time. Higher reaction temperatures and longer reaction
times (from 3 to 6.5 days) give rise to decreased particle size of the assemblies.
(a)

(b)

(c)
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(e)

(f)

(g)

(h)

Figure 2.4. TEM and SEM images of the W doped VO2/GO (reaction temperature: 300oC, W
doping: 2 at. %) with the reaction time for (a, b) 3 days, (c, d) 5 days, (e, f) 6.5 days and (g, h) 7
days.
The phase purity and crystal structure of the vanadium/graphene assemblies was analyzed by
XRD. Figure 2.5 shows the XRD patterns of VO2 prepared at 300oC for various reaction times,
using 1.8 g V2O5 and 0.1 g GO. Due to the relatively low amount of GO used in these experiments
(5 wt.%), no graphene peaks are observed by XRD. It can be seen from Figure 2.3 (a to e) that the
reaction time shows a significant effect on the crystal structure evolution of VO2. With a shorter
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reaction time of 2 to 5 days, the XRD shows a mixture of VO2(B) [50], VO2(M), along with a
significant proportion of V2O5. Only VO2(M) has the phase transition (at 68 oC) property of interest
for optical switching. So, in this thesis, we consider other phase states of lower interest. Upon
increasing the reaction time to 6 days, all the product peaks are indexed to pure phase monoclinic
VO2(M). When the reaction time was increased from 6.5 to 7 days, peaks of V2O3 appeared in the
XRD pattern. This can be explained by further reduction of VO2 to V2O3 taking place upon longer
reaction time of > 6 days. These XRD results with various reaction times provide insight into the
phase formation mechanism, which indicates that the phase transformation from VO2(B) to VO2(M)
requires a relatively long time (~ 6 days), with longer times inducing impurities. A previous study
showed that the reaction time is important towards the preparation of high phase purity VO2(M)
[51]. Their results also showed if the reaction time was not long enough, the VO2(B) phase instead
of VO2(M) would be obtained, which is consistent with our results integrating GO.
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Figure 2.5. XRD patterns of (a) pure VO2(M) from literature [51]; the W doped VO2/GO
composite with hydrothermal reaction at 300 oC, 2 at. % W doping with various reaction times
(a) 2 days, (b) 5 days, (c) 6 days, (b) 6.5 days, and (e) 7 days.
The elemental composition and chemical states of the W doped VO2(M)/GO (2 at. %, 300oC,
5 days) was further analyzed by XPS, as displayed in Figure 2.6. It is found that the sample
contains O, V, W and C elements (Figure 2.6a). The core level spectrum of V2p peak splits to V2p1/2
with a binding energy at 524 eV and V2p3/2 at 516.65 eV (Figure 2.6b). There are three forms of
vanadium oxides shown by the high-resolution analysis, mainly V4+ and V5+ species with a binding
54

energy of 516.65 eV and 517.97 eV, respectively, consisting with XRD patterns. The peaks at 35.43
eV are attributed to W4f7/2 (Figure 2.6d), indicating successful doping of W into VO2(M) in the
form of W6+ ions [52]. Although the XRD data does not have sufficient resolution to see graphene
doping, XPS spectra confirms the graphene oxide reaction during hydrothermal treatment. Figure
2.6e and 2.6g show that there are four carbon peaks attributed to the functional groups of graphene
oxide (as C-C/C-H, C-OH/C-O-C, C=O, and COOH). By comparing Figures 2.6e and Figure 2.7g,
the relative intensities of -C-OH, C-O-C, O-C=O of GO decreased and the relative intensities of
C-C, C-H peaks increased, indicating that graphene oxide was partially reduced in this composite.
It facilitated to have a hybrid composite of VO2/GO with well-defined morphology and high
specific surface areas 415 m2/g (300oC, 6.5 days with 2 at. % doping). In this experiment, formic
acid was used as reduced agent, due to the -CHO group, which imparts some of the character of
an aldehyde. To quantify the conversion, the relative percentages of different functional groups
obtained from the deconvoluted peaks in Figure 2.6e and 2.6g are listed in Table 2.2. The areas of
C-C, C-H peaks increased from 28.2% to 68.4%, while the areas of C-O, C-O-C peaks decreased
from 52.3% to 21.9%, confirming partial reduction of graphene oxide during the reaction. A
previous study also showed graphene partial reduction in which C-C peaks’ intensities increased
while C-O, C=O and C(O)O peaks’ intensities decreased [53].
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Figure 2.7. Core level XPS spectra for W doped VO2(M)/GO composite: (a) the XPS survey
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spectra showing C1s, V2p, O1s, and W4f emanating from the sample; (b) V2p; (c) O1s; (d) W4f; and
(e) C1s; and XPS spectra of graphene oxide (f) survey spectrum showing C1s and O1s, (g) C1s.

Table 2.2. Summary of XPS analysis of graphene oxide and VO2/GO.
Before reaction
After reaction
Bond name
Position
% Area
Position
% Area
O-C=O
289.00
5.2
288.80
3.7
C=O
288.00
6.0
287.80
6.0
C-OH, C-O-C
287.02
52.3
286.30
21.9
C-C, C-H
285.00
36.5
284.80
68.4

2.3.2. The Effect of Temperature.
Figure 2.8 shows the effect of reaction temperature on the XRD patterns of W doped VO2/GO
from 250 oC to 300 oC, using the optimized time of 6 days. As Figure 2.8 showed, there are several
peaks related to VO2 (B), VO2 (M), V2O5 and VO2 (A) when the reaction temperature was set to
250 oC. When the reaction temperature was increased to 280oC or 300 oC, all typical diffraction
peaks related to the monoclinic crystalline phase of VO2(M) are observed, being consistent with
previously reported literature values which illustrated pure VO2(M) favoring higher reaction
temperature (~300oC) [54]. Between 250oC to 280oC, the transformation of crystal phases from
VO2(B) to VO2(M) in this hydrothermal route took place.
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Figure 2.8. XRD patterns of the W doped VO2/GO composite reaction for 6 days, 2 t.% W
doping with various reaction temperature (a) 250 oC, (b) 280 oC and (c) 300 oC.

2.3.3. The Effect of Doping Content
Figure 2.9 shows the SEM images using the same reaction temperature (300oC), reaction time
(6.5 days), but different amounts of W doping. No segregated phases of tungsten oxides and their
derivatives were detected by XRD, suggesting that the W atoms entered the crystal lattice of VO2
matrix and the homogeneous solid-solutions of W-doped VO2(M) were formed. It can be seen from
Figure 2.9 that the morphology of W doped VO2(M) is strongly influenced by W doping. Large
faceted micro-structure appears when the amount of W doping is 1 at.%. When the W doping
amount increased to 2 at. %, nanotube structure was observed. By increasing the amount of W
doping to 3 at. %, the formation of nanotube dispersion in sheets structure is revealed in the SEM
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images. As previously reported, tubular structure of vanadium oxide could not be obtained without
using alkyl amines as a template [55]. However, our W doped VO2(M)/GO nanotubes were
synthesized without using any template. The reason for W doping changing the morphology of
VO2/GO may be due to: (1) tungsten doping on vanadium dioxide due to co-precipitation, i.e.
[VO(O2)2]- and tungstate acid have different crystallization rates that would influence the growth
of nanostructure; (2) the dopants might hamper the growth of vanadium dioxide, resulting in
different amounts of W doping in the vanadium dioxide matrix effecting different morphologies
[28].
(a)

(b)

(c)

(d)

Figure 2.9. SEM images of the W doped VO2/GO (300oC for 6.5 days) with the W doping
contents: (a) 1 at. %; (b) 2 at. %; (c, d) 3 at. %.

The synthesis schematic is shown by Figure 2.10. especially different amount of W doping.
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Figure 2.10. Scheme of synthesis of VO2/GO.
Figure 2.11 exhibits the XRD patterns of W doped VO2/GO reacting at the same reaction
temperature and time, but different doping contents of tungsten (W) from 1-5 at %. It was found
that the successful synthesis of VO2(M) strongly depended on the amount of W doping used in the
reaction. It was found that the peak patterns of W doped VO2/GO samples were slightly shift to
lower angle side. That maybe due to there are four stabilized monoclinic insulating phases, named
M1, M2, M3 and M4, mainly characterized by the different arrangements of vanadium chains
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along the cR axis. The pure VO2 without doping shows M1 phase. With doping amount increasing,
the structural expansion. Indeed, the newly formed orthorhombic lattice was close to the M2
structure with similar vanadium local structure characteristics in the (101) plane but different
lattice symmetry [56]. With a lower amount of W doping, i.e. 1 at. % to 3 at. %, a mixture of
metastable VO2(B), metastable VO2(A) and monoclinic VO2(M) all exist. When using 4 at. % W
doping VO2(M), sharper and stronger peaks occur, compared to the other samples, attributed to the
formation of a purer product. Higher amounts of W doping over 4 at. % were found to promote the
transition of VO2(M) to other vanadium oxides. These results indicate that the formation of W
doped VO2(M) is very sensitive to the synthesis conditions and the amount of W doping in the
reaction plays a significant role in the successful synthesis of VO2(M) [54, 56]. The results show
that the W doping is beneficial for the formation of pure VO2(M) when the doping content is
between 1 at. % to 4 at. %. When the doping content is > 4 at. %, the crystalline growth of VO2(M)
decreases owing to the extensive amount of dopant in the system, leading to the formation of other
phases.
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Figure 2.11. XRD patterns of W doped VO2(M)/GO composite reaction at 300oC for 6.5 days
with various amounts of W doping (a) 1 at. %, (b) 2 at. %, (c) 3 at. %, (d) 4 at. % and (e) 5 at. %.

EDX analysis was used to further confirm tungsten doping content in the GO/VO2 samples,
showing the samples contained vanadium, oxygen and tungsten. The results suggest that W doped
VO2 is formed with W atoms substituting for some of the V atoms in the lattice. Figure 2.12 shows
the W doping content in the hybrid, which indicates the measured W doping content (0.93%) in
the samples are slightly lower than that introduced during synthesis (1%). The reasons for this
phenomenon include: (1) [VO(O2)2]- and tungstate acid have different crystallization rates, and (2)
the dopants might hamper the growth of vanadium dioxide or the dopants have their own individual
growth characteristics, which results in W atoms not being as effectively doped into the vanadium
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dioxide structure [28].

Figure 2.12. EDX analysis of the W doped VO2/GO reaction at 300oC for 6.5 days.

2.3.4. Thermal Properties.
Figure 2.13 shows the DSC curves of undoped VO2/GO (synthesis heated at 180oC for 24 h).
It shows the same transition temperature (at ~ 68oC for pure VO2(M)) as previous study [3]. The
phase transition between VO2(M) and VO2(R) give noticeable endothermal and exothermal peaks
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occurring in the DSC traces. Previous studies have shown that thermal changes induce a reversible
first-order transition between the metallic phase VO2(R) and the semiconductor phase VO2(M)
[33]. Lattice distortion and the entropy change associated with conduction electrons gives rise to
lattice heat at the phase transition [5].

Figure 2.13. DSC curves of undoped VO2/GO (synthesis heated at 180oC for 24 h without
further calcination).

W is one of the most effective dopants to decrease the transition temperature on a per atomic
percent basis [57]. To further study the influence of W doping on the phase transition, a series of
DSC traces were used to analyze the Tc properties. Figure 2.14 exhibits 2 at% W doped VO2/GO
heated at 300oC for 2 to 8 days. The undoped VO2(M) mixed with VO2(B) was obtained at 180oC.
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The spectra also reveal Tc of around 68oC, which is the transition temperature of VO2(M).
Increasing reaction time led to the endothermal and exothermal peaks shifting to the lower
temperature points, as shown in Figure 2.14. When the reaction time was longer than 6.5 days, Tc
increased to 55oC. When the reaction time reached 8 days, the peaks disappear indicating impurity
formation in the products. Due to vanadium dioxide is unstable compared to other vanadium such
as V2O5 and V2O3. Too long reaction time leaded to further reduce to stable V2O3 and other stable
vanadium species. Two peaks can be observed in the heating curves (with reaction time for 6.5
days) in Figure 2.14c, which may be due to two types crystalline structures of vanadium oxide
being formed in the reaction process that can be double checked in the future research.
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Figure 2.14. DSC curves of the W doped VO2/GO composite with hydrothermal reaction at
300oC, 2 at. % W doping with (a) 2 days, (b) 5 days, (c) 6 days, (d) 6.5 days, (e) 7 days (f) 8
days.
Figure 2.15 shows the DSC curves of W doped VO2/GO composite with different synthesis
temperatures. For a reaction temperature lower than 250oC, there are no curves shown by the DSC
image that indicates that W atoms could be effectively doped into the VO2(M) lattice only using a
higher reaction temperature to obtain a purer product with lower Tc. It can be observed that
increasing reaction temperature from 250 to 300oC can decrease the Tc from 62oC to 45oC.
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Figure 2.15. DSC curves of the W doped VO2/GO composite with hydrothermal reaction at 6
days, 2 at. % W doping with (a) 250oC, (b) 280oC, and (c) 300oC.
Figure 2.16 shows that the W doping content has a great influence on the hybrid Tc, which
decreases with increasing W doping concentration until 3 at. %. Previous studies have reported
that W doping facilitated the pure crystalline growth and decreased the thermal barrier of MST
[40]. With increasing W concentration, the crystal structure became weaker, showing unknown
peaks in the XRD spectra at > 5 at. %. These results show that the W dopant plays a significant
role in the crystalline growth of VO2 with W atoms being easily integrated within the VO2 lattice
at low doping contents. Higher amounts of dopants were found to hamper the crystalline growth
of VO2.
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Figure 2.16. DSC curves of the W doped VO2/GO composite (reaction at 300oC with 6.5 days)
with various W doping contents (a) 1 at. %, (b) 2 at. %, (c) 3 at. % and (d) 4 at. %.

A previous study by the Zhang group and others provides insight into the mechanism of doping
VO2 with tungsten (W). The tetragonal rutile structure of VO2 is initially symmetric near the W
atom. Then a concentration-dependent evolution associated with the interaction between dopant
W element and VO2 lattice caused initial distortion, further repulsion, and final lattice stabilization
through the metal-insulator transition region [58]. They illustrated that the symmetric W core
makes the de-twisting of the surrounding asymmetric VO2(M) lattice to form symmetric VO2(R)
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nuclei. These W-encompassed nuclei then spread throughout the matrix, donating free electrons
into the conduction band of VO2(M) and breaking the Peierls-paired V ions, leading to the
observed lower Tc values.
To understand the influence of W doping on the phase transformation of VO2(M) to VO2(R),
the relationship among VO2(A), VO2(B) and VO2(M) should be clarified. Theobald [59] reported
the phase transformation among metastable VO2(B) to metastable VO2(A) to monoclinic VO2(M),
using hydrothermal synthesis with a V2O4-V2O5-H2O system. Galy [60] presumed that VO2(B)
being transformed into VO2(A) was caused by crystallographic slip in the crystal network of
VO2(B). Leroux [61] further studied the phase transition between VO2(B) to VO2(M). They found
that high reaction temperatures led to breaking of the interconnections between different VO6
octahedra of VO2(B). With continued heating, the platelets facilitated by VO6 octahedra suddenly
were divided to nano-crystallites and a half proportion of the VO6 octahedra rearranged to
construct the rutile-like structure. [62]. Our work further confirms the phase transformation
process from VO2(B) to VO2(M). At low reaction temperatures, VO2(M) first appears along with
the mixture of VO2(B) and VO2(A). When the reaction temperature increased, the mixture
disappeared and pure VO2(M) remained. That is because high reaction temperatures helped to
facilitate the transformation of VO2(B) to VO2(M). When W atoms are integrated into the VO6
octahedra, they will help break the interconnections amongst various VO6 octahedras which
process is easier than the crystallographic slip. Therefore, VO2(M) preparation can be controlled
by adjusting both the hydrothermal reaction temperature and the amount of additive doping. Figure
2.17 exhibits the schematic conversion of crystal structures of V2O5 to VO2(B) and further to
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VO2(M) under hydrothermal conditions.

Figure 2.17. Crystal structures of orthorhombic V2O5, metastable VO2(B) and monoclinic
VO2(M) [63].

2.4. CONCLUSION
W doped VO2(M)/GO hybrids were successfully prepared by a one-step hydrothermal
reduction of V2O5 with graphene oxide and tungstic acid. The morphologies of the resulting
products were found to be nanobelts, nanotubes and graphene wrapped nanotubes. The
nanostructures of W doped VO2/GO were found to mainly depend on the W doping content.
Experimental parameters including temperature, time and doping contents were found significant
factors to affect the nanosize and phase transition temperature. According to the SEM and TEM
results, the sample with the reaction time at 6.5 days show the nanotube structure. By optimizing
the reaction conditions, the phase transition temperature of W doped VO2(M)/GO was decreased
from 68 oC to 42oC.
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Chapter 3. Sol-gel Method to Control VO2 Nanoparticle Growth using
Supercritical CO2
ABSTRACT
Vanadium Dioxide (VO2) has several crystal structures of interest for a variety of emerging
applications, particularly due to its metal-insulator transition temperature (Tc). One of the major
challenges is on the scale-up and purification of these crystal structures. This work examines the
sol-gel chemistry of vanadium alkoxides in the green solvent, supercritical carbon dioxide (scCO2),
to help facilitate microsphere, nanbelt and nanofiber formation. In this work, VO2 (M) was
successfully prepared in scCO2 for the first time under varying temperature, pressure and the
volumetric acetic acid/vanadium triisopropoxide ratio (R values) with products characterized by
XRD, XPS, SEM, EDX and DSC. The formation of VO2(M) nano-belts comprised of
microspheres with a low Tc around 67oC was favored by a low reaction temperature at 40oC.
Nanobelts were formed with higher phase transition temperature around 85oC, when the reaction
temperature increased to 80oC. With increasing reaction temperature to 100oC, nanofibers
appeared in the system. Reaction temperature was found to have a signification effect on phase
purity, morphology and Tc. However, the reaction pressure and molar ratio R showed only a minor
effect on the morphology and phase transition temperature.
KEYWORDS: Vanadium Dioxide, Supercritical CO2, Sol-gel method, nanofiber, nanobelt,
microsphere, phase transition temperature
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3.1. INTRODUCTION
Residential and commercial buildings consume large quantities of energy per year, especially
space conditioning (space heating + space cooling) that requires more than two-thirds of the total
operating energy of the building [1]. Due to the type of air conditioning systems widely used,
various environmental problems are produced, such as increasing electricity consumption, CO2
emissions and other atmospheric pollutants formation from electricity generation processes [2]. To
help eliminate these problems, new materials are needed that can help adjust the solar energy of
buildings in response to environmental changes. Energy exchange through windows by means of
conduction, convection and radiation accounts for more than 50% of the total energy consumed
through buildings [3]. In addition, most modern building designs are incorporating ever greater
amounts of windows [4]. To avoid this tremendous energy consumption, we can improve the
windows thermal performance to decrease electricity costs. Smart windows can automatically
adjust their optical properties with temperature without consuming extra energy, thus blocking
unwanted solar radiation [5]. Thermochromic windows are one type of smart window that have
several advantages compared with other types such as electrochromic [6], photochromic [7], liquid
crystal [8] and suspended particles [9]. One of the most important features of thermochromic
windows is that they do not require electricity for their operation, thus helping to provide additional
energy-savings. VO2 as a potential thermochromic material has many advantages, especially for
its low Tc that is very suitable for next generation window coatings.
Vanadium possesses abundant oxidation states that are usually comprised of a variety of binary
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oxides with a formulation of VO2x±1, including V3O7, V2O5, VO3, VO2, V2O3, etc [10] [11] [12]
[13, 14]. Vanadium oxides as one type of functional material have a unique layer structure,
excellent chemical and physical properties [15]. These features make the vanadium oxides suitable
for emerging applications, including cathode materials for lithium ion batteries [16], optical
switches [17], catalyst [18], electrochemical devices [19], storage medium [20], gas sensors [21]
and smart window coatings [22]. VO2 is a representative binary oxide with a variety of crystal
phases, such as VO2(B) (metastable, monoclinc) [23], VO2(M) (monoclinic), VO2(A) (metastable,
monoclinic) [24], VO2(R) (rutile) [25] and VO2(D) (monoclinic) [26]. Among all these phases,
VO2(M) and VO2(R) are the two main crystalline structures. VO2(M) can be fully reversible from
metal to insulator at a relatively low temperature around 68oC [27]. During the transition process,
VO2(M), an insulator and near-infrared transparent (~80% transmission), exists in the monoclinc
phase. Beyond the Tc (above 68oC) it converts into VO2(R), which is tetragonal (rutile) phase
which is metallic and highly near-infrared reflective (nearly opaque few% transmission). Above
Tc, the transmittance will drop, hence reflecting heat/light and acting as a control mechanism [28].
This unique property makes VO2 suitable for applications in solar panels or window coatings. For
example, in winter VO2 smart windows allow infrared radiation transmittance through them and
maintain the indoors warm, while in the summer, the smart window will reflect most infrared heat
to help keep the indoors cool.
In the past decade, VO2 powders have been prepared by many methods, such as hydrothermal
synthesis, and sol–gel methods using V2O5/aspartic acid [29], or VO(acetylacetonate)2/MeOH [30].
Supercritical carbon dioxide (scCO2) has emerged as an environmentally-benign solvent for the
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synthesis and processing of a wide range of materials. ScCO2 has several unique properties
including being nontoxic, nonflammable, low cost, chemically inert, and environmentally friendly
[31]. Compared to the conventional sol-gel method, this approach has specific advantages, such as
the resulting products maintaining nano-features and well-defined morphologies after CO2 drying
and venting. Physical properties such as high diffusivity, liquid -like density, gas-like viscosity,
stability and very low surface tension are favorable features to enhance producing advanced
products [32]. In the meanwhile, scCO2 can rapidly be dissipated upon the release of pressure after
reaction to produce dry material. Sui et al. used this method to synthesize titania nanofibers, which
gave the diameters from 9 to 100 nm. The resulting nanofibers showed high surface areas around
400 m2/g. After high temperature calcination, anatase nanocrystallites were formed [33]. Lucky et
al. studied the thermal properties of ZrO2-TiO2 nanotubes that were prepared by a sol-gel method
under scCO2. The resulting aerogel powders were composed of nanotubes with 50-140 nm
diameters, several micrometers length, and thickness around 14-50 nm along their length [34].
This work describes a rapid and direct synthesis strategy for VO2 by a modified sol-gel method
under scCO2 as a green and functional solvent. Due to its zero surface tension, scCO2 helps to form
and maintain nanostructures and high surface areas. The resulting materials were composed of
randomly packed nanobelts or agglomerated microspheres, depending on the pressure, temperature
and the volumetric ratio of acetic acid/ vanadium triisopropoxide (R-value).

82

3.2. EXPERIMENTAL
3.2.1. Materials
Vanadium(V) triisopropoxide (VTIP, 98%, reagent grade), acetic acid (HAc, 99.7%, ACS
agent) were purchased from Sigma-Aldrich, Oakville, ON, Canada, and used as received. Carbon
dioxide (99%, instrument grade) was obtained from BOC Canada.
3.2.2. Synthesis of VO2 Aerogel
A previously designed, a 25 mL stainless steel high-pressure reactor[35] equipped with two
sapphire windows was used to synthesize the VO2 aerogel in scCO2 via a direct sol-gel route. CO2
from a dip-tube was passed through a chiller to cool down before being pumped into the reactor
by a syringe pump (ISCO, Model 260D). Reaction pressure and reaction temperature were
maintained at a preset value with an error of less than ±1 °C through a T-type thermocouple
(Omega), and less than ±0.1 MPa through a pressure transducer (Omega) with one control valve
(Badger). In a typical experiment, the reactor was firstly preheated to the desired temperature
between 40oC to 100 °C. The desired volumetric ratio of HOAc (10-12 mL) and VTIP (2-5 mL)
were loaded into the reactor when its temperature was stabilized at the pre-set value. The reactor
was then sealed, followed by introduction of CO2 to the desired pressure (4000 to 52 MPa) and
temperature (40oC to 100oC). The magnetic stirrer bar was then started to agitate the reaction
mixture with the reaction started. Normally, the stirrer bar was stopped after 3 hours’ reaction time
with another 5 days for aging without agitation to complete the reaction. After aging, CO2 was
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continuously pumped to the view cell to wash the formed gel at a rate of 0.2 mL/min for 48 hours
at the reaction temperature and pressure to avoid collapse of solid network. After depressurization,
the product was then dried in a vacuum oven at 80oC overnight, then calcined at 500oC for 15 min
under an Ar atmosphere with heating rate 15oC/min.
3.2.3. Characterization
The phase identification of the as synthesized samples was analyzed by an X-ray powder
diffractometer (XRD, D2 Phaser) using Cu Kα (λ=1.54056 Å) radiation between 10o and 80o at a
scan rate of 0.01o s-1. X-ray photoelectron spectroscopy (XPS, AXIS Ultra Kratos Analytical Ltd.)
was used to analyze the surface elemental composition and chemical state within the prepared
vanadium samples. The morphologies and the size of the samples were characterized by scanning
electron microscopy (SEM, Quanta 200) with energy dispersive X-ray (EDX). The phase transition
temperatures (Tc) were tested by differential scanning calorimetry (SDT Q600, TA Instruments,
USA) with the spectra analyzed using the instruments software (Universal Analysis 2000, TA
Instruments, USA).
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3.3. RESULTS AND DISCUSSION
To study the effect of the reaction parameters (reaction temperature, pressure and volumetric
ratio R) on the products’ phase purity, morphology and transition temperature, the examined
experimental parameters in this study and the characterization results of the formed VO2 aerogels
are provided in Table 3.1.

Table 3.1. VO2 synthesis pressure, temperature, volumetric ratio R and transition temperatures
for the resulting materials.
Experiment
temperature
(oC)

Volumetric
ratio(R)
(R=HOAc/VTIP)

40
40
40
40
40
80
80
80
80
80
100
100
100
40
40

2
4
4
4
6
2
4
4
4
6
4
4
4
4
4

Experiment
pressure

(MPa)
41
28
41
52
41
41
28
41
52
41
28
41
52
28
28

Calcination
temperature
(oC)

500
500
500
500
500
500
500
500
500
500
500
500
500
200
800

Transition
temperature
(oC)

Morphology

67
72
67
70
86
82
80
65

nanoplate
microsphere
microsphere
microsphere
nanofiber
nanoplate
nanobelt
nanobelt
nanobelt
nanofiber
nanofiber
nanofiber
nanofiber
nanobelt
nanoshpere

3.3.1. The Effect of Reaction Temperature
Figure 3.1 depicts the representative SEM images of VO2 formed with various reaction
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temperatures using scCO2. Obvious structural changes are observed as the reaction temperature
increased from 40oC to 100oC. At 40oC and 41 Mpa, the nanoparticle size was in the range of 50100 nm. When the temperature was raised to 80oC, nanobelts were obtained with typically lengths
of up to 200 nm. At 100oC, a large quantity of nanofibers was formed comprised of microspheres
with a diameter of 4 μm. Obviously, the particle size of VO2 was strongly affected by the reaction
temperature with higher temperatures facilitating better-defined VO2 nanoparticles. Reaction
temperature can play multiple roles in the sol-gel reaction with scCO2. When considering the
crystal growth, nucleation will first occur leading to the appearance of a crystalline phase from the
supersaturated solvent. The second step is known as crystal growth, which leads to the observed
increase in the size of particles and results in a crystal state with higher temperatures increasing
the reaction rate. Both these events are mainly driven by thermodynamic properties [36].
Additionally, an increase in the temperature at constant pressure will decrease the total solubility
parameter, resulting in lower density of the solvent (scCO2), and consequently a lower solvent
power that facilitates formation of smaller particle size and better morphology as shown in Figure
3.1. For the reaction temperature of 80oC, the reaction rate was accelerated while reducing the
solubility of the sol gel samples. When the reaction temperature was increased to 100 oC, the
formation of smaller size nanofibers is observed.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.1. SEM images of the products synthesized from the reactions under 41 MPa with
volumetric ratio R=4 at different reaction temperatures (a, b) 40oC; (c, d) 80oC; (e, f) 100oC.

To examine the effect of reaction temperature on VO2 formation, experiments were carried
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out at 40, 80 and 100oC (see Table 3.1), under various experimental pressures (28, 41 and 52 MPa),
initial concentration of VTIP (0.167 g/mL) and volumetric ratio R (4). The crystal size and phase
purity were analyzed by performing X-ray powder diffraction (XRD) as shown in Figure 3.2. All
the peaks observed (for 40oC and 80oC) in these XRD patterns are attributed to their corresponding
VO2(M) state [37] [38, 39]. No peaks were indexed to any other phases or impurities to help
simplify interpretation. These results demonstrate that high purity VO2 was obtained for the first
time using scCO2 and that lower reaction temperatures resulted in purer VO2(M) being formed.
When the reaction temperature was increased to 100oC, other impurity vanadium oxide peaks were
produced [40, 41], which were mixed with VO2(M).
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Figure 3.2. XRD patterns of the products synthesized from the reactions with volumetric ratio
R=4 at various temperatures (40oC, 80oC, 100oC and the bottom line from literature for pure
VO2(M) [37]) and pressures (a) 28 MPa; (b) 41 MPa; (c) 52 MPa.
XPS was employed to monitor the chemical state changes of the prepared samples in this study.
The survey spectrum of all samples shows that three elements (C, V and O) are present on the
surface of the samples. Figure 3.3 shows the XPS patterns of vanadium acetate prepared at a
reaction pressure of 28 MPa with different reaction temperatures (40, 80°C). The results reveal
that the reaction temperature had a significant influence on the phase of the as-obtained products.
At 40oC, Figure 3.3a shows that 75.1% of the area is pentavalent vanadium and only 24.9% is
tetravalent vanadium. When the reaction temperature was increased to 80oC (Figure 3.3b), 39.2%
is pentavalent vanadium while the tetravalent vanadium content increased to 60.8% (Table 3.2).
These results suggest that higher reaction temperatures are beneficial for the formation of
tetravalent vanadium. In explanation, vanadium alkoxides tend to rapidly hydrolyze to form
flocculates or precipitates [42]. As the last chapter showed, V5+ can be easily reduced to mixing
valence vanadium oxides including V5+, V4+ and even V3+ ions. The presence of these vanadium(V)
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species hydrolyzing to vanadium(V) gels will lead to some V(V) to V(IV) chemical reduction (i.e.
some vanadium(V) will be reduced by isopropoxyl in the HOAc to vanadium(IV)).

This

reduction can vary the degree of V-IV content, thus influencing the final gel coloration with green
(V(V) gel being yellow, V(IV) gel being blue). V4+ ions have a great influence on the formation
of V2O5 gels. Compared to the V5+-OH groups, V4+-OH groups present a lower level of acidity.
This makes V4+ ions act as better polycondensation initiators, i.e. V4+ ions are larger than V5+,
favoring condensation and coordination leading to the formation of condensed species from the
alkoxide precursors. Increasing reaction temperature would decrease the density of scCO2 in the
reactor, thus leading to a decrease in the isopropyl solubility in scCO2. More isopropyl in the
HOAC will thus contact with vanadium alkoxides, facilitating the reduction of vanadium(V) to
vanadium(IV).
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Figure 3.3. XPS spectra of the products prepared under 28 MPa (R=4) at different reaction
temperature (a) 40oC and (b) 80oC.

Table 3.2. Summary of XPS analysis under 28 MPa.
28 MPa, 40oC
28 MPa, 80oC
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Name
V2p ½ (V)
V2p ½ (IV)

BE peaks (eV)
525.54
524.25

% Total area
75.1
24.9

BE peaks (eV)
525.10
524.25

% Total area
39.2
60.8

Figure 3.4 shows that the EDX results indicate the two main elements on the surface of the
sample, i.e. vanadium and oxygen, corroborating to the same elements as XPS results’ showing.
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Figure 3.4. EDX spectra of the products synthesized from reactions under 41 MPa with
volumetric ratio R=4 at different reaction temperatures (a) 40oC; (b) 80oC; (c) 100oC.

The thermal properties of the formed VO2 nanostructure were investigated by DSC. As
described above, polycrystalline VO2 undergoes a reversible thermally induced phase transition
(Tc) at around 68oC from a higher temperature metallic phase to a lower temperature insulating
phase. Figure 3.5 shows the endothermic and exothermic profiles for VO2 in the DSC traces. The
Tc results show the correlation with nanomorpologies. The Tc is at around 70oC when the
morphology is microspheres, which were formed using a scCO2 reaction temperature of 40oC. The
Tc value was found to increase to 80oC when the morphology changed to nanobelt structure, which
was formed using a reaction temperature of 80oC. Compared to the reaction pressure (as described
below), reaction temperature plays a significant role on the effect of the T c with higher reaction
temperatures increasing Tc. The reaction temperature has a large influence on the product
morphology and structure, which leads to the observed changes of Tc. However, at the highest
examined temperature (100oC), no peak appears in the DSC image. This means that no VO2(M)
exists in the system, which corroborates the XRD results (i.e. all the XRD peaks are indexed to
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other vanadium oxides).
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Figure 3.5. DSC curves of VO2 synthesized from the reactions with volumetric ratio R=4 at
40oC and 80oC under (a) 28 MPa; (b) 41 MPa; and (c) 52 MPa.

3.3.2. The Effect of Reaction Pressure
The effect of reaction pressure on phase purity was studied in the reaction pressure range of
28 MPa to 52 MPa, at a fixed temperature (either 40oC and 80oC), initial concentration of VTIP
(0.167 g/mL) and volumetric ratio R (4). As Figure 3.7 shows, there is no significant differences
from the XRD results that can be observed using a reaction temperature between 40 oC to 80oC
under different reaction pressures (28 MPa, 41 MPa and 52 MPa). A previous study [35] examining
TiO2 showed that higher pressure (41 MPa) of scCO2 could facilitate nanostructure formation,
while lower reaction pressures (28 MPa) led to more agglomerated nanoparticles forming, which
lowered the resulting surface area. However, too high a reaction pressure (52 MPa) was found to
negatively affect the sol-gel process due to its influence on the esterification reaction. In
explanation, pressure may cause both a lower reaction rate and equilibrium constant [43], leading
to the formation of larger particles. In part, this would help explain why the particle size with 52
MPa is larger than 41 MPa at all reaction temperatures. From these results, 41 MPa was the
optimized pressure for synthesis using scCO2.
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Figure 3.6. SEM images of the products synthesized from the reactions with volumetric ratio
R=4 (a, b, c) at 40oC and (d, e, f) at 80oC under different reaction pressure (a, d) 28 MPa; (b, e)
41 MPa; (c, f) 52 MPa.
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Figure 3.7. XRD patterns of the products synthesized from the reactions with volumetric ratio
R=4 under 28 MPa, 41 MPa and 52 MPa at different temperature (a) 40oC and (b) 80oC.

Figure 3.8 shows the XPS patterns of the prepared vanadium samples at the same reaction
temperature but at different reaction pressures. At the lower investigated reaction pressure of 28
MPa, a mix of pentavalent vanadium (75.1%) and tetravalent vanadium (24.9%) was obtained.
When increasing the pressure to 41 MPa, the products achieved a mix of pentavalent vanadium
(65.7%) and tetravalent vanadium (34.3%). It was found that increasing the reaction pressure
facilitated the formation of tetravalent vanadium. In explanation, higher pressures would increase
the amount of HOAc solubility, promoting the reaction between vanadium(V) and isopropyl
groups.

97

(a)

(b)

V2p 3/2(V5+)
Intensity (a.u.)

Intensity (a.u.)

V2p 3/2

(V5+)

V2p 1/2(V4+)
V2p 3/2

V2p 1/2(V5+)

(V4+)

510

520

530

540

510

Binding Energy (eV)

V2p 1/2(V4+)

V2p 3/2(V4+)

V2p 1/2(V5+)

520

530

540

Binding Energy (eV)

Figure 3.8. XPS spectra of the products synthesized at 40oC (R=4) under different reaction
pressure (a) 28 MPa and (b) 41 MPa.

Name
V2p ½ (V)
V2p ½ (IV)

Table 3.3. Summary of XPS analysis at 40oC.
40oC, 28 MPa
40oC, 41 MPa
BE peaks (eV)
% Total area
BE peaks (eV)
525.54
75.1
525.41
524.25
24.9
524.25

% Total area
65.7
34.3

Figure 3.9 shows the DSC images of VO2 reaction at the same temperature but at various
pressures. Compared to reaction temperature, reaction pressure was found to have only a minor
effect on VO2’s Tc. At a reaction temperature of 40oC, the Tc ranged from 67 -73 °C. At a higher
reaction temperature of 80oC, the Tc increased to 80-85 degree. These results indicate that reaction
pressure has only a minor effect on the formation of nanostructure.
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Figure 3.9. DSC curves of VO2 synthesized from the reactions under 28 MPa, 41 MPa and 52
MPa (R=4) at different temperatures (a) 40oC and (b) 80oC.

3.3.3. The Effect of Volumetric Ratio R
It has been previously found that the molar ratio R (R= HOAc volume/ VTIP volume) has a
large influence on the phase purity and particle structure of metal oxide nanostructures prepared
in scCO2 [31, 44]. Previous work showed that lower R values resulted in precipitate formation
while higher R values improved the dispersion and avoided initial agglomeration of reactants,
making it easier to form well-defined linear nanostructure [45]. From Figure 3.10, it is observed
that the particle size decreased with an increasing of R value from 2 to 4. When the R value is 2,
microsphere structure can be observed due to initial agglomeration. When R was increased to 4,
only nanobelts were found to exist. When the R value was further increased from 4 to 6, the particle
structure changed from nanobelt to nanofiber and the morphology is observed to organize into
microspheres. As shown in Figure 3.11, when R was increased to 6 at 40oC, no VO2(M) peaks
were found.
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Figure 3.10. SEM images of VO2 synthesized from the reactions under 41 MPa at 80oC with
different volumetric ratio (a) R=2; (b) R=4 and (c) R=6.
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Figure 2. XRD patterns of the products synthesized from the reactions under 41 MPa with
volumetric ratio R=2, 4, 6 at (a) 40oC and (b) 80oC.

Figure 3.12 provides the XPS patterns of vanadium complex at the same reaction pressure and
temperature but different volumetric ratios (R= HOAc/vanadium precursor). When the volumetric
ratio equals 4, the products have a greater proportion of tetravalent vanadium than the other
volumetric samples. The R value is not as significant an effect as reaction temperature to the
reaction between vanadium(V) and isopropyl groups. Due to these XPS results, we found that
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pentavalent vanadium is much easier to synthesize than tetravalent vanadium. Tetravalent
vanadium is rather sensitive to hydrolysis or oxidation conditions compared to pentavalent
vanadium, making it easier to be oxidized.
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Figure 3.12. XPS patterns of the products synthesized at 40oC under 41 MPa with different
volumetric ratio (R=HOAC/vanadium precursor) (a) R=2, (b) R=4 and (c) R=6.
Table 3.4. Summary of XPS analysis with various volumetric ratio R.
Volumetric ratio R=2
Volumetric ratio R=4
Volumetric ratio R=6
Name
BE peaks %Total area BE peaks %Area
BE peaks %Total area
(eV)
(eV)
(eV)
V2p ½ (V)
525.44
70.6
525.41
0
525.41
67.6
V2p ½ (IV)
524.25
29.4
524.25
0
524.25
32.4
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The formation mechanism of nanostructure is rather complicated involving hydrolysis,
condensation and self-assembly steps, as first proposed by Brinker for sol-gel growth [46].
During the polymer growth phase, a concentrated region called coacervates are formed which
lower the surface tension. Tactoids formed by linear polymers in the coacervates, which became
organized because of the chain-chain interactions. Then tactoids further gel to produce ordered
morphology crystalloids. During this process, polycondensate vanadium chains become
irreversibly bonded together. Simultaneously, condensation reactions occur due to the hydrogen
bonding between CO2 and acetic acid, which promotes the formation of nanostructure. Because of
the zero surface tension of CO2, venting maintained the morphology of vanadium nanostructure,
similar to the case with titania [44].
In a previous study, it was shown that the bulky alkoxy group (OR=O-t-Am) leads to monomer
formation, while the formation of oligomeric species occurred via alkoxy bridging with small
primary alkoxides (OR=O-n-Pr) [47]. However, some alkoxy bridging was broken down when
dissolved in a solvent, due to the alkoxy bridging being only weakly bonded in a mixture of
monomers and oligomers. Acetic acid interchange reactions will occur when vanadium
triisopropoxide VO(OR)3 (R=C3H7) is diluted in acetic acid R’OH (R=CH3CO), forming a mixture
of [VO(OR)3-x(OR’)x] species. During hydrolysis, vanadium alkoxides are very reactive in the
system.
The growth process leading to the formation of fibers were investigated by Bailey et al’s.
group. Through transmission electron microscopy, they found small threads formed first with the
length about 2 nm and a width about 100 nm [47]. The nanocrystals were found to grow lengthwise,
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with subsequent self-assembly of these threads occurring edge to edge, leading to the formation of
rod-like fibers, in agreement with the condensation mechanism. Due to the interactions between
solid particles in concentrated sols, anisotropic growth is facilitated of the colloids giving rise to
spindle-like nematic tactoid formation.
3.3.4. The Effect of Calcination
From the SEM images (shown on Figure 3.13) of the samples (40oC, 28 MPa, R=6) without
calcination and calcination at 200oC, 500oC and 800oC, it is seen that the samples both without
calcination and when calcined at 200oC show a similar nanobelt structure. With further calcination
to 200oC, the size of the nanobelts decreased. When the calcination temperature was increased to
500oC, fibrous nanostructure formed. This indicates that the evolution of gas (including carbon
dioxide and water vapor) through the heat treatment influences the size and morphology changes
of the products. At the same time, most VO2(B) converts to the VO2(M) structure. Further
increasing the calcination temperature to 800oC leads to nanosphere structure appearing. The
morphology changes were due to collapse of some pores and agglomeration by further heat
treatment.
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(g)

(h)

Figure 3.13. SEM images for the products synthesized at 40oC under 28 MPa with R=4 (a, b)
before and after calcination at (c, d) 200oC, (e, f) 500oC and (g, h) 800oC.

To examine the physical properties of this product, we studied the different experimental
conditions effected on the phase states and morphology. It was found that the calcination
temperature had a large influence on the products. Using high purity VO2(M) produced in scCO2
at 40oC, 28 MPa and volumetric ratio (R=6), the samples were calcined at varying temperatures of
200oC, 500oC and 800oC with a heating rate of increasing temperature of 15oC/min for 15 min
under Ar. Figure 3.14 shows the wide-angle powder XRD patterns of the resulting vanadium
oxides. According to the XRD traces, increasing calcination temperature resulted in a higher purity
phase of VO2(M) being formed [48, 49]. The sample calcined at 200oC and 500oC shows multiple
phases of VO2(M) and VO2(B) [23, 50]. However, when the calcination temperature increased to
800oC, it shows VO2(M) with high purity.
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Figure 3.14. XRD patterns of the products synthesized at 40oC under 28 MPa with R=4 after
calcination at 200oC, 500oC and 800oC for 15 min.

The DSC curves were measured for the resulting products (40oC, 28 MPa, R=4) when calcined
at both 500oC and 800oC. The products without calcination and calcination at 200oC show no peaks
in the DSC images that is due to no VO2(M) in the products. This corroborates the results from
XRD. The endothermic peak at 82oC (calcination at 500oC) and 81oC (calcination at 800oC) in
Figure 3.15 from the DSC heat flow trace is attributed to the phase change from monoclinic phase
to rutile phase. There are two exothermic peaks showing on the DSC images, attributed to the
different crystalline structure existing in the products. Although increasing calcination
temperatures changes the morphology of products, the transition temperature shows little effect on
it.
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Figure 3.15. DSC curves of of the products synthesized at 40oC under 28 MPa with R=4 after
calcination at 500oC and 800oC.

3.4. CONCLUSION
VO2 was successfully synthesized through a sol gel approach in supercritical CO2. Lower
temperatures at 40 oC and 80 oC gave higher purity product, with the peaks indexed to pure VO2(M).
When the temperature was set to 40 oC, the samples were found to produce microsphere structure.
When increasing the temperature to 80 oC, nanobelt structure appeared. Further increasing to 100
o

C, nanofiber structure was observed. When the pressure was increased from 28 MPa to 52 MPa,

no significant differences were found on the phase state, morphology or Tc. Increasing volumetric
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ratios (R=2 or 4), R=4 achieved much purer VO2(M) with smaller nanosize. It was found that
reaction temperature has a signification effect on phase purity, morphology and transition
temperature. However, the reaction pressure and molar ratio R showed only a minor effect. The
phase transition properties of VO2 were studied by DSC that exhibit lowest phase transition at
67oC and highest transition temperature at 87oC. On the other hand, increasing calcination
temperature led to the change of morphology and phase purity. As low as heat treatment at 200oC,
no evidence showed the VO2(M) existing. When the calcination temperature increased to 500oC,
fibrous nanostructure appeared. And transition temperature exhibited at 82oC for heating and 65oC
for cooling. Further increasing calcination temperature to 800oC, nanosphere structure formed,
indicating calcination temperature has a great influence on the morphology of products.

109

REFERENCES

1.

Bredenberg, A., The damage done in transportation-which energy source will lead to the
greenest highways, in Thomasnet.com. 2012.

2.

Selden, T.M. and D. Song, Environmental quality and development: is there a Kuznets
curve for air pollution emissions? Journal of Environmental Economics and
management, 1994. 27(2): p. 147-162.

3.

Y. Gao, H.L., Z. Zhang, etc, Nanoceramic VO2 ThermochromicSmart Glass: A Review on
Progress in Solution Processing. Nano Energy, 2012: p. 221-246.

4.

Baetens, R., B.P. Jelle, and A. Gustavsen, Properties, requirements and possibilities of
smart windows for dynamic daylight and solar energy control in buildings: A state-of-theart review. Solar Energy Materials and Solar Cells, 2010. 94(2): p. 87-105.

5.

H. Koo, L.X., K. Ko, etc, Effect of Oxide Buffer Layer on the Thermochromic Properties
of VO2 Thin Films. Journal of Physics: Condensed Matter, 2013: p. 3967-3973.

6.

Mortimer, R.J., Electrochromic materials. Chemical Society Reviews, 1997. 26(3): p.
147-156.

7.

Kawata, S. and Y. Kawata, Three-dimensional optical data storage using photochromic
materials. Chemical reviews, 2000. 100(5): p. 1777-1788.

8.

Ikeda, T. and O. Tsutsumi, Optical switching and image storage by means of azobenzene
liquid-crystal films. SCIENCE-NEW YORK THEN WASHINGTON-, 1995: p. 1873110

1873.
9.

Bowers, D. and C. Binding, The optical properties of mineral suspended particles: A
review and synthesis. Estuarine, Coastal and Shelf Science, 2006. 67(1): p. 219-230.

10.

D. Manno, A.S., M. Di Giulio, etc, Structural and electrical properties of sputtered
vanadium oxide thin films for applications as gas sensing material. Journal of Applied
Physics, 1997: p. 2709-2714.

11.

C. Xiong, A.E.A., B. Gnade, etc, Fabrication of Silver Vanadium Oxide and V2O5
Nanowires for Electrochromics. ACS Nano, 2008: p. 293-301.

12.

N. Peys, Y.L., D. Dewulf, etc, V6O13 films by control of the oxidation state from aqueous
precursor to crystalline phase. Dalton transcations, 2013: p. 959-968.

13.

Y. Muraoka, Z.H., Metal–insulator transition of VO2 thin films grown on TiO2 (001) and
(110) substrates. Applied Physics Letters, 2001: p. 583-585.

14.

C. Piccirillo, R.B., I P Parkin, Synthesis and Functional Properties of Vanadium Oxides:
V2O3, VO2 and V2O5 Deposited on Glass by Aerosol-Assisted CVD. Chemical Vapor
Deposition, 2007: p. 145-151.

15.

B M. Weckhuysen, D.E.K., Chemistry, spectroscopy and the role of supported vanadium
oxides in heterogeneous catalysis. Catalysis Today, 2003: p. 25-46.

16.

J. Liu, H.X., D. Xue, etc, Double-Shelled Nanocapsules of V2O5-Based Composites as
High-Performance Anode and Cathode Materials for Li Ion Batteries. Journal of
American Chemical Society, 2009: p. 12086-12087.

17.

A. M. Makarevich, I.I.S., D. I. Sharovarov, etc, Chemical synthesis of high quality
111

epitaxial vanadium dioxide films with sharp electrical and optical switch properties.
Royal Society of Chemistry, 2015: p. 9197-9205.
18.

M. Gallastegi-Villa, A.A., Z. Boukha, etc, Role of surface vanadium oxide coverage
support on titania for the simultaneous removal of o-dichlorobenzene and NOx from
waste incinerator flue gas. Catalysis Today, 2015: p. 2-11.

19.

M. Alsawafta, A.A., S. Badilescu, etc, Improved Electrochromic Properties of Vanadium
Pentoxide Nanorods Prepared by Thermal Treatment of Sol-Gel Dip-Coated Thin Films.
Journal of The Electrochemical Society, 2015: p. H466-H472.

20.

Y. Shi, Z.Z., D. Wexler, etc, Facile synthesis of porous V2O3/C composites as lithium
storage material with enhanced capacity and good rate capability. Journal of Power
Source, 2015: p. 392-398.

21.

J. Huotari, R.B., J. Lappalainen, etc, Pulsed Laser Deposited Nanostructured Vanadium
Oxide Thin Films Characterized as Ammonia Sensors. Sensors and Actuators B:
Chemical, 2015: p. 22-29.

22.

X. Wu, Z.W., H. Zhang, etc, Enhancement of VO2 thermochromic properties by Si
doping. Surface and Coatings Technology, 2015: p. 248-253.

23.

Baudrin, E., et al., Preparation of nanotextured VO2 [B] from vanadium oxide aerogels.
Chemistry of materials, 2006. 18(18): p. 4369-4374.

24.

Eyert, V., The metal-insulator transitions of VO2: A band theoretical approach. arXiv
preprint cond-mat/0210558, 2002.

25.

Wu, C., et al., Hydrogen-incorporation stabilization of metallic VO2 (R) phase to room
112

temperature, displaying promising low-temperature thermoelectric effect. Journal of the
American Chemical Society, 2011. 133(35): p. 13798-13801.
26.

Y. Zhang, J.Z., X. Zhang, etc, Influence of Different Additive on the Synthesis of VO2
Polymorphs. Ceramics International, 2013: p. 8363-8376.

27.

B. Qu, H.H., B. Pan, The Dynamical Process of the Phase Transition from VO2(M) to
VO2(R). Journal of Applied Physics, 2011: p. 113517.

28.

T. Manning, I.P., M. Pemble, etc., Intelligent Window Coatings: Atmospheric Pressure
Chemical Vapor Deposition of Tungsten-Doped Vanadium Dioxide. Chemical Material,
2004: p. 744-749.

29.

Denton, R., R. Campbell, and S. Tomlin, The determination of the optical constants of
thin films from measurements of reflectance and transmittance at normal incidence.
Journal of Physics D: Applied Physics, 1972. 5(4): p. 852.

30.

Pan, M., et al., Properties of VO 2 thin film prepared with precursor VO (acac) 2. Journal
of Crystal Growth, 2004. 265(1): p. 121-126.

31.

R. Sui, A.S.R., P A. Charpentier, FTIR Study on the Formation of TiO2 Nanostructures in
Supercritical CO2. The Journal of Physical Chemistry, 2006: p. 16212-16218.

32.

Cooper, A.I., Recent developments in materials synthesis and processing using
supercritical CO 2. Advanced Materials, 2001. 13(14): p. 1111-1114.

33.

R. Sui, A.R., P. A. Charpentier, Formation of Titania Nanofibers: A Direct Sol−Gel
Route in Supercritical CO2. Langmuir, 2005: p. 6150-6153.

34.

R. Lucky, P.A.C., A Thermal Study on the Structural Changes of Bimetallic ZrO2113

modified TiO2 Nanotubes Synthesized Using Supercritical CO2. Nanotechnology, 2009:
p. 195601.
35.

Sui, R., A.S. Rizkalla, and P.A. Charpentier, Formation of Titania Nanofibers: A Direct
Sol− Gel Route in Supercritical CO2. Langmuir, 2005. 21(14): p. 6150-6153.

36.

Williams, L.L., J.B. Rubin, and H. Edwards, Calculation of Hansen solubility parameter
values for a range of pressure and temperature conditions, including the supercritical
fluid region. Industrial & engineering chemistry research, 2004. 43(16): p. 4967-4972.

37.

X. Wang, H.L., Y. Fei, etc, XRD and Raman Study of Vanadium Oxide Thin Films
Deposited on Fused Silica Substrates by RF Magnetron Sputtering. Applied Surface
Science. Applied Surface Science, 2001: p. 8-14.

38.

D. Vernardou, M.E.P., D. W. Sheel, Tungsten-Doped Vanadium Oxides Prepared by
Direct Liquid Injection MOCVD. Chemical Vapor Deposition, 2007: p. 158-162.

39.

C. Batista, R.M.R., V. Teixeira, Synthesis and characterization of VO2-based
thermochromic thin films for energy-efficient windows. Nanoscale Research Letters,
2011: p. 301.

40.

E. Baudrin, C.S., D. Larcher, etc, Preparation of Nanotextured VO2[B] from Vanadium
Oxide Aerogels. Chemistry of Materials, 2006: p. 4369-4374.

41.

C. Nethravathi, C.R.R., M. Rajamathi, N-Doped Graphene–VO2(B) Nanosheet-Built 3D
Flower Hybrid for Lithium Ion Battery. Applied Materials and Interfaces, 2013: p. 27082714.

42.

Wang, Y. and G. Cao, Synthesis and enhanced intercalation properties of nanostructured
114

vanadium oxides. Chemistry of Materials, 2006. 18(12): p. 2787-2804.
43.

Z. Huo, B.H., X. Zhang, etc, Pressure Tuning of Reaction Equilibrium of Esterification of
Acetic Acid with Ethanol in Compressed CO2. The Journal of Physical Chemistry, 2001:
p. 4510-4513.

44.

R. Sui, A.R., P. A. Charpentier, Experimental study on the morphology and porosity of
TiO2 aerogels synthesized in supercritical carbon dioxide. Microporous and Mesoporous
Materials, 2011: p. 688-695.

45.

Lee, S., et al., Two-step sol− gel method-based TiO2 nanoparticles with uniform
morphology and size for efficient photo-energy conversion devices. Chemistry of
Materials, 2010. 22(6): p. 1958-1965.

46.

Brinker, C.J. and G.W. Scherer, Sol-gel science: the physics and chemistry of sol-gel
processing. 2013: Academic press.

47.

Livage, J., Vanadium pentoxide gels. Chemistry of materials, 1991. 3(4): p. 578-593.

48.

McWhan, D., et al., X-ray diffraction study of metallic V O 2. Physical Review B, 1974.
10(2): p. 490.

49.

Marezio, M., et al., X-ray diffraction studies of the metal insulator transitions in Ti4O7,
V4O7 and VO2. Materials Research Bulletin, 1970. 5(12): p. 1015-1023.

50.

Zhang, S., et al., From VO2 (B) to VO2 (A) nanobelts: first hydrothermal transformation,
spectroscopic study and first principles calculation. Physical Chemistry Chemical
Physics, 2011. 13(35): p. 15873-15881.

115

Chapter 4. Study of the mechanism for the formation of vanadium acetate
complex in supercritical CO2 by in situ FTIR

ABSTRACT
In this chapter, in situ ATR-FTIR was employed to study of the mechanism for the formation of
vanadium acetate complex in supercritical carbon dioxide (scCO2) which has been well known as
a functional and green solvent. Nanofibers and microspheres were prepared through the
condensation and esterification reactions of vanadium triisopropoxide and acetic acid in scCO2 at
reaction temperatures between 40 to 80oC and volumetric ratios of HOAc/VTIP from 2 to 6.
During the reaction and self-assembly process in scCO2, FTIR spectra of the reaction mixture were
collected in situ and used to calculate the conversion of acetic acid. The FTIR results indicated that
the formation of nanofibers was favored by one-dimensional condensation of VO6 octahedra, while
microsphere were favored by a three dimensional condensation.

KEYWORDS: Vanadium acetate complex, in situ FTIR, nanofiber, microsphere, conversion
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4.1. INTRODUCTION

Nanomaterials are structures at nanometer-scale which have attracted tremendous scientific
and industrial attention due to their excellent properties [1, 2] and interesting device applications
[3, 4]. Nanostructured materials usually are understood to be intermediates amongst the molecularscale and micro-sized entities. There are various methods to synthesize nanomaterials [5, 6].
However, well-defined structures with controllable nanosize are difficult to obtain using normal
green chemistry approaches.
Recently, vanadium nanomaterials have attracted significant attention due to their practical
application in wide range of emerging industries, such as cathode materials for reversible lithiumion batteries [7], optical switches [8], catalysts [9], electrochemical devices [10], storage medium
[11], gas sensors and smart window coatings [12]. Hydrated vanadium pentoxide aerogels have
many advantages like high capacity [13], high energy density [14] excellent reversibility [15] and
small particle size [16] that are promising candidates as reversible cathodes for lithium batteries
[17] and electrochromic devices [18]. Vanadium pentoxide aerogels are usually prepared through
a conventional sol-gel process [19, 20]. During this process, the polycondensation of metal
alkoxides is achieved using water with the colloidal sol and 3D wet gel formed during the selfassembly and polycondensation mechanism.
Current challenges include that the vanadium alkoxides are very reactive species, with the
hydrolysis and condensation reactions occurring quickly upon exposure to water, leading to
precipitation and poor control of particle morphology. In addition, mixed oxides (the mixture
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valence of V4+/V5+) were formed due to reduction of V5+ to V4+ during the sol-gel synthesis process
[20, 21]. Both problems require new investigations of new synthesis methodologies using a green
sustainable approach.
Supercritical CO2 has been shown useful to prepare nanomaterials due to its unique features
such as being environmental benign [22] with tunable properties [23]. Its physical properties, such
as low surface tension [24] “zero” viscosity [25] and excellent diffusivity [26] make it a green and
promising solvent to prepare fine and uniform nanoparticles [27-29]. Additionally, it is very easy
to remove scCO2 by simple venting after the reaction to leave a dry product. Recently, sol-gel
reactions under scCO2 have been studied to synthesize nanomaterials. For example, TiO2 has been
prepared by the sol-gel reaction of TIP with acetic acid [30]. Also, TiO2 and Si nanofibers,
nanosphere, and nanobelt have been prepared by polycondensation of metal alkoxides with water
droplets or acetic acid [31, 32]. Compared to the conventional sol-gel route, this approach has
many advantages for VO2 synthesis including have a high specific surface area while maintaining
nano-features.
The purpose of this study is to understand the reaction mechanism under these high-pressure
conditions. Fourier transform infrared spectroscopy (FTIR) is an advanced technology that can be
employed to analyze an infrared spectrum of emission or absorption of a gas, solid or liquid [33].
It also can obtain high resolution data over a wide spectral range. In this chapter, we synthesize
vanadium nanomaterials in supercritical CO2, using in situ FTIR spectroscopy to investigate the
mechanism and kinetics of the process.
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Vanadium gels were prepared using acetic acid with controlled concentrations of vanadium
triisopropoxide in scCO2. Acetic acid has been previously shown as efficient for stabilizing metal
alkoxide precursors and controlling the reaction rate of the sol-gel chemistry [34]. The resulting
materials were characterized by using several physical and chemical methods. X-ray photoelectron
spectroscopy (XPS) was used to examine the elemental composition and chemical states that exist
on the surface of prepared samples. Scanning electron microscopy (SEM) was employed to
analyze the structure and morphology of the obtained vanadium nanomaterials.

4.2. EXPERIMENTAL
4.2.1. Materials.
Vanadium(V) triisopropoxide (VTIP, 98%, reagent grade), acetic acid (HOAc, 99.7%, ACS
agent) were purchased from Sigma-Aldrich, Oakville, ON, Canada, and used as received. Carbon
dioxide (99%, instrument grade) was obtained from BOC Canada.
4.2.2. Synthesis of V2O5 Aerogel.
The experimental set-up is shown schematically in Figure 4.1. The vanadium acetate complex
was synthesized using the sol-gel method as previously described in the previous chapter, but
without further calcination except those calcined at 500 oC for comparison of morphologies. The
vanadium acetate complex was prepared using a controlled volumetric ratio of HOAc (40-48 mL)
to VTIP (8-20 mL) at 40oC to 80oC in scCO2. The alkoxide precursor, vanadium triisopropoxide
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(VTIP), was hydrolyzed in acetic acid and condensed to form a wet gel. Normally, the stirring of
reaction mixture was stopped after 3 hours’ reaction to allow 5 days’ aging time without agitation.
After aging, CO2 at a rate of approximately 0.2 mL/min was continuously passed through the
reactor to remove any unreacted or formed volatile molecules from the gel while maintaining
pressure and temperature to prevent collapse of the solid network.

Figure 4.1. Schematic set-up experimental equipments: autoclave with FTIR, temperature
controller (TC), pressure transducer (PT), syringe pump and carbon dioxide cylinder.

4.2.3. In situ FTIR Study
Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared
spectrum of absorption or emission of a solid, liquid or gas. In this study, in situ ATR-FTIR
monitoring of the solute concentrations during the sol-gel reaction in scCO2 was examined in a
100 mL stainless steel autoclave (Parr instrument company) with speed-controlled stirring. One
probe was attached to the bottom of the autoclave and connected to a Fourier transform infrared
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spectroscope (ReactIRTM 45m, Mettler Toledo). This system is connected to a computer with iCIR
software (Mettler Toledo). The reaction temperature was controlled between 40 and 80oC by the
Parr controller, with initial volumetric ratios being set in the range of 2-6, then CO2 was pumped
into the autoclave which was heated to the desired temperature under the pre-determined pressure
with stirring at 450 rpm. Spectra were collected every 15 min throughout the whole process. ACD
UVIR Processor version 7.0 software (ACD Inc., Toronto) was used to analyze the data obtained
from the in situ FTIR experiments.
4.2.4. Characterization.

The morphologies and the dimension of the samples were characterized by scanning electron
microscopy (SEM, Quanta 200) that equipped with energy dispersive X-ray (EDX).

4.3. RESULTS AND DISCUSSIONS
4.3.1．Morphologies of the Formed V2O5 Aerogels

The morphology of the prepared V2O5 aerogels in scCO2 was assessed by scanning electron
microscopy (SEM). Figure 4.2 shows the SEM images of the aerogels synthesized from the
reaction under 28 MPa at different reaction temperatures of 40 oC and 80 oC before and after
calcination at 500 oC. It was observed that increasing reaction temperature from 40 oC to 80 oC
resulted in morphological changes from high-density monolith to low-density monolith, as well as
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structural changes from microspheres to nanobelts. The observed morphological changes with
temperature are attributed to the effect of temperature on molecular structure of the aerogels.
(a)

(c)

(e)

(b)

(d)

(f)
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(g)

(h)

Figure 4.2. SEM images of the products synthesized under 28 MPa with volumetric R= 4 at
different reaction temperatures (a, b) 40oC without calcination; (c, d) 40oC with 500oC
calcination; (e, f) 80oC without calcination; (g, h) 80oC with 500oC calcination.
Besides the effect of reaction temperature, the volumetric ratio R value also has a large effect
on the product morphology. The volumetric ratio R was studied at a reaction temperature of 40oC
under 28 MPa. From Figure 4.3, it is observed that precipitate-like materials, microspheres,
nanobelts and nanofibers were formed, respectively, when the volumetric ratio R increased from
2 to 4, and then to 6. At a volumetric ratio R = 2, agglomerated particles were formed with a
diameter of a few micrometers; at R = 4, belts prevailed; and at R = 6, nanofibers composed of
microspheres with a diameter of around 3 µm were obtained. In other words, high volumetric ratio
R resulted in resulted in well-defined linear morphologies. It can be assumed that higher R can
easily form the anisotropic crystalized linear macromolecules that lead to the nanofibers formation,
similar to the case of titania [35].
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.3. SEM images of the products synthesized at 80oC under 28 MPa with different
volumetric ratio R (a, b) 2; (c, d) 4; (e, f) 6 (without calcination).
A higher volumetric ratio R, i.e., a larger amount of acetic acid, facilitated the sol-gel reaction
in the following way with the participation of HOAc in the reactions.
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Modification:
VO(OR)3 + nHOAc → VO(OR)3−n (OAc)n + ROH

(1)

Esterification:
ROH + HOAc ⇆ ROAc + H2 O

(2)

Hydrolysis:
VO(OR)3−n (OAc)n + xH2 O ⟶ VO(OR)3−n−x (OAc)n (OH)x + xROH

(3)

Oxolation:
VO(OR)3−n−x (OAc)n (OH)x ⟶ VOx+1 (OAc)n (OR)3−n−2x + ROH

(4)

At higher R values, large proportions of –(OPri)x ligands in vanadium complex building blocks
are hydrolyzed by water generated from the esterification step, which facilitates anisotropic
crystallization of straight nanofibers. At lower R value, less water was generated, meaning that
less –(OPri)x ligands could be hydrolyzed in the vanadium complexes. This will facilitate partial
oxolation (Rxn. 4) through the condensation of vanadium complexes, helping generate curled
macromolecules.
4.3.2. ATR-FTIR Measurements

In situ FTIR experiments provided direct evidence of the self-assembly processes and reaction
mechanism in scCO2. Figure 4.4 shows a series of profiles for the sol-gel experiments taken at
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fixed time intervals by in situ ATR-FTIR measurements of the reaction of vanadium
triisopropoxide and acetic acid in scCO2. As shown in Figure 4.4a, acetic acid consumption can
be determined from the gradually decreasing peak intensity at 1719 cm-1 [36]. The production of
vanadium acetate complex can be determined by V-O-V, V-O-C, symmetric and asymmetric
stretching peaks of vanadium acetate. V-O-V oxo bonds can be found at 860-910 cm-1 [37]. The
peaks at 1416 and 1517 cm-1 are attributed to vanadium acetate complexes. Besides the vanadium
acetate absorbance, there is small peak at 1031 cm-1 corresponding to V-O-C. After 1 days’
reaction, the peaks of the complex shifted slightly to higher wavenumbers of around 1423 and
1528 cm-1, due to further condensation of the vanadium acetate complex. At the end of 5 days, the
peaks around 1420 and 1520 cm-1 become relatively flat because of further condensation and probe
saturation, as a previous study indicated [36]. Compared to reaction temperature at 40oC,
increasing reaction temperature to 60oC and 80oC accelerated the reaction rate (can be observed
by the intensities of vanadium peaks) that can be discussed later.
The in situ ATR-FTIR spectra of the reaction mixture at 60 oC and 80 oC are displayed in
Figure 4.4b and 4.4c respectively. It was found that increasing temperature resulted in a red-shift
of both the vanadium acetate coordination peaks from 1416 to 1403 and further to 1396 cm-1 and
from 1524 to 1505 and further to 1498 cm-1. Higher wavenumbers of vanadium complex (1416
and 1524 cm-1) with the delta value ~110 cm-1(between these two peaks) indicate formation of
sphere structure, while lower wavenumbers of vanadium complex (1396 and 1498 cm-1) with the
delta value ~100cm-1 led to the formation of nanofiber structure. That maybe due to the O-C-O
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angle in the complex changing with different morphology that makes the peaks in FTIR shifting,
which in agreement with previous study of synthesis SiO2 in sol-gel with scCO2 [39].
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Figure 4.4. In situ ATR-FTIR spectra of the reaction mixture for the reactions under 28 MPa
(R=4) at different reaction temperatures (a) 40 oC; (b) 60 oC; (c) 80 oC.
Figure 4.5a and b show two typical examples of vanadium acetate complex formation. Figure
4.6c shows the structure of the vanadium acetate complex comprised of VO6 octahedra with a
double bonded oxygen (V=O). This oxygen also bonds with the next vanadium atom to form an
infinite one-dimensional chain. In a previous study, the FTIR spectra of these vanadium acetate
complexes gave two peaks at 1405 and 1507 cm-1 [40], with this study giving similar peak
positions at 1403 and 1505 cm-1 (similar delta value ~100 cm-1). This provides direct evidence
for the formation of one dimensional chain structure. As figure 4.6a shown, all eight ends of
isopropyl groups are horizontal, with four left and four right. The condensation of this structure
can only take place either left or right. One-dimension condensation is favored with this structure,
leading to formation of straight polymers. Figure 4.5d shows three-dimensional structure
comprised of VO6 octahedra, which facilitate the formation of spherical structure with peaks at
(1416 and 1517 cm-1). There are eight ends of isopropyl groups with two upward, two downward,
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two left and two right. This structure would easily permit the formation of polycondensate chains
with branches. This branching facilitates three-dimensional growth and subsequent formation of
sphere morphology.

(a)

(b)

(c)

(d)

Figure 4.5. Reported structures of vanadium acetate with acetate ligands: (a, c) one-dimensional
chain of VO6 octahedra, and (b, d) three-dimensional of VO6 octahedra [39].
To further examine the role of reaction conditions on the formation of vanadium acetate
complexes with different morphology, the effect of different R ratios (HOAc/alkoxide) ratios were
examined. Figure 4.6 displays the in situ FTIR spectra of the reaction mixture in scCO2 (28 MPa,
40oC) with the volumetric ratio changing from 2 to 6. Comparing the peaks to those in Figure 4.4,
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the peaks at 1410 and 1520 cm-1 (on Figure 4.6a) are very close to the peaks (1416 and 1517 cm1

) in Figure 4.4a. While vanadium complex (R=2) also shows microsphere structure (on Figure

4.3a, b), similar to the morphology of the vanadium complex (R=4). Figure 4.6c exhibits the FTIR
spectrum during the sol-gel process with similar reaction conditions (28 MPa, 40oC), but different
volumetric ratios (R=6), which lead to nanofiber formation. This indicates that we can find the
peaks around 1410 and 1520 cm-1 (delta value ~110 cm-1) leading to the formation of sphere
structure. Further lower peaks around 1402 and 1505 cm-1 indicated the nanofiber produced during
the sol gel process. Sui et al. illustrated the similar results as the relationship between FTIR spectra
of titanium oxide and nanomorpologies [41].
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Figure 4.6. In situ ATR-FTIR spectra of the reaction mixture for reaction under 28 MPa at 40oC
with different volumetric ratio R (a) R=2; (b) R=4; (c) R=6.
To calculate the concentration of reactant consumption and conversion of vanadium acetate
complex production via the changes of acetic acid peak in the FTIR spectrum, SIMPLISMA
chemometric modelling was used to calculate the profiles as shown in Figure 4.7a and 4.7b. The
conversion of sol-gel reaction at time t can be calculated by:
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (𝐶0 −𝐶𝑡 ) ∗ 100⁄𝐶𝑜

(4.1)
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where Ct and C0 are the concentrations of acetic acid at time t and at time t=0, respectively.
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Figure 4.7. Conversion of acetic acid versus reaction time (a) with R=4 under pressure of 28
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MPa at different temperatures and (b) under pressure of 28 MPa at 40 oC with different
volumetric ratio R (R=HOAc/vanadium precursor) (all the data on this figure shown on
Appendix A).
From figure 4.7a, it was found that the higher reaction temperature promotes the reaction rate,
giving a faster conversion than that at lower reaction temperature. Figure 4.9b shows the effect of
volumetric ratio (R=HOAc/vanadium) on the reaction kinetics. It is found that the low and high R
(2 and 6) led to higher reaction kinetics while the medium R (4) resulted in slower consumption
of acetic acid, as agreed with other previous study [42].
4.3.3. Formation Scheme of Vanadium Spheres, Belts and Fibers.

To further understand how these FTIR results reveal the formation of nanoparticles and
mechanism during the sol-gel reaction in scCO2, we will consider where formation of sphere
structure is favoured and where formation of nanofiber is favoured. As description above (SEM
images) for the formation of nanofiber formation, our in situ FTIR results provide evidence for the
formation of one-dimensional vanadium acetate complex growth. The nanobelt formation
mechanism is quite complicated, due to both the condensation and self-assembly steps. A bridging
complex is formed between the vanadium atom of the alkoxide monomer and acetic acid. This
facilitates 1D condensation growth of the polycondensate molecules. SEM and FTIR images
showed that microspheres were formed when the reaction temperature was as low as 40oC and the
volumetric ratio as low as 2 to 4. The solubility of solvent could potentially reduce the numerous
spherical concentrated coacervates and tactoids to lower the interfacial energy when the straight
polymers grow long enough, as shown in Figure 4.8. On the other hand, the microsphere structure
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formed by the anisotropic particles led to the formation of ordered colloidal phases. Strong
interactions among the solid particles in concentrated sols made the anisotropic colloids remaining
mutually oriented. This helped lead to the formation of spherical nematic tactoids. As a previously
study showed [43], a higher degree of aggregation at lower reaction temperatures. This is the
reason for formation of the observed microspheres. As well, the condensation process is slowed
down by the formation of hydrogen bonding between CO2 and acetic acid, leading to nanostructure
formation. Alcohol and ester condensates with unreacted acetic acid were removed by continuous
washing with scCO2 during the purification process. The solid network of vanadium complex
could remain due to the low surface tension of scCO2.

Figure 4.8. Schematic of the formation of nanofiber and microsphere structures [41].
ScCO2 played a significant role in the polycondensation process: (1) it decelerated the
colloidal particle formation that facilitated the aging process of the wet gel. The well-defined
colloidal particles were formed by decreasing the hydrolysis rate of hexamer and condensation
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into the growing macromolecules; (2) CO2 molecules could penetrate the vanadium acetate
complex geometrics better than other liquids, due to the “zero” surface tension. This can decrease
the gel aging time by facilitating further condensation of the colloidal particles. Also, hydrogen
bonding between individual acetic acid molecules can further decrease the rate of condensation
process. It promotes the formation of nanostructure and minimizes the formation of precipitates.
In addition, nanomaterial prepared by using scCO2 normally does not require additional
purification or drying process to maintain the well-defined nanostructure.

4.4. CONCLUSION

The formation process of vanadium acetate complex in supercritical carbon dioxide was
studied by using in situ ATR-FTIR for the first time. The observed concentration profiles revealed
the relationship between conversion and reaction conditions. Higher reaction temperature and
higher volumetric ratio increased the reaction rate and accelerated the reaction conversion forming
nanofiber. Lower reaction temperature and lower volumetric ratio resulted in microsphere
formation. ATF- FTIR is a valuable technology to investigate the morphology evolution of the
microsphere and nanofibers, with 1D condensation of fiber and 3D condensation of microsphere.
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Chapter 5. Conclusions and Recommendations

1. CONCLUSIONS
In this thesis, we illustrated a novel one-step hydrothermal route to prepare W doped
VO2(M)/GO. This method was used to successfully dope W atoms into the crystal lattice of VO2
and reduce the transition temperature to around 45oC for heating and 40oC for cooling. The phase
transition temperature was found to be primarily adjusted by phase purity and the nanomorphology.
Reaction temperature and doping content were found as the two primary experimental factors to
affect the phase transition temperature (Tc), as they had a large influence on the phase purity and
structure. The morphologies of the samples are described as micro-, nano-belts, nanotube and
graphene wrapped nanotubes. According to the XRD, SEM, TEM and DSC results, the particle
size decreased with increasing reaction time until 6.5 days. Large faceted micro-structure appears
when the amount of W doping is 1 at.%. With the amount of W doping increased to 2 at. %,
nanotubular structure was observed. Increasing the amount of W doping to 3 at. %, the formation
of graphene wrapped VO2(M) nanotube structure is revealed in the SEM images. The VO2(M)
nanotubes were found to be well dispersed in the graphene matrix forming a uniform hybrid. The
possible reason that GO thin layers acts as template for the formation of tubular VO2(M). One-step
hydrothermal is an effective low-cost route to synthesize pure VO2(M) that can be used potentially
for low cost industrial manufacturing.
VO2 was successfully synthesized through a sol gel approach under supercritical CO2 with
calcination at 500oC. Phase purity, morphology and transition temperature were investigated as
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functions of the reaction temperature, pressure and the volumetric ratio R value. It was found that
reaction temperature had a signification effect on phase purity, morphology and Tc. Typically,
when reacted at 40oC and 41 MPa, the nanoparticle size was in the range of 50-100 nm. When the
temperature was raised to 80oC, nanobelts were obtained with typically lengths up to 200 nm.
When the temperature was increased to 100oC, the morphology was changed, with a large quantity
of nanofibers comprised of microspheres being formed with a diameter of 2 μm. The particle size
of VO2 was strongly affected by reaction temperature with higher temperatures providing betterdefined VO2 nanoparticles. The transition temperature was found to be around 70oC when the
reaction temperature was 40oC. Increasing the reaction temperature increase to 80oC led to
increasing the transition temperature of VO2 to 80oC. The reaction pressure and molar ratio R
showed only a minor effect. The phase transition properties of VO2 were studied by DSC,
exhibiting a Tc at 67oC and highest Tc at 87oC.
ATR-FTIR monitoring of the sol-gel reaction under scCO2 in this study had two goals: 1)
to investigate the effective of ATR-FTIR spectroscopy for the in-situ monitoring of solute
concentration during the aerogel procedure with scCO2, and 2) to study the particle phase and
morphology changed during the sol-gel reaction. The interaction of vanadium triisopropoxide and
acetic acid in scCO2 was then studied using FTIR, XPS and SEM. Higher reaction temperatures
and volumetric ratios were found to facilitate nanofiber formation. Lower reaction temperatures
and volumetric ratios resulted in microsphere formation. In situ FTIR is a valuable technology to
investigate the morphology evolution of the microsphere and nanofibers, with the formation of
nanofibers due to 1D condensation and the formation of microsphere due to 3D condensation.
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Further investigation of the FTIR spectra showed that the resulting concentration profiles gave a
direct relationship between conversion and reaction conditions. Higher reaction temperature and
higher volumetric ratios led to fast reaction times with larger reaction conversions.
Calcination temperature was also found as an important factor in the preparation of VO2
products. Increasing calcining temperature led to a change of morphology and phase purity. At
low heat treatments at 200oC, no evidence was found to show VO2(M) existing. When the
calcination temperature was increased to 500oC, fibrous nanostructure appeared. The transition
temperature was found at 82oC for heating and 65oC for cooling. Upon further increasing of
calcination temperature to 800oC, nanosphere structure was formed, indicating the calcination
temperature had a large influence on the morphology of products which further affected the phase
purity.

2. RECOMMENDATIONS
Although the nanomaterial VO2 has been successfully prepared with suitable phase
transition temperature (Tc), significant work is required to further optimize this material for
intended applications.
1. Examine the different atoms doped VO2(M) and test their characterization.
•

Find an effective way to dope different atoms into VO2(M) and determine how these
atoms effect the changes of transition temperature, especially p-type doping as Al, Fe.

•

How to increase the transition temperature to suitable for solar thermal device
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application.
2. Find a suitable polymer to effectively support and stabilize the nanomaterial .
•

The nanomaterial/polymer film should be transparent with excellent transmittance in the
visible light.

•

The film stabilizes with various substrate, such as fabrics, windows.

•

Enhance the mechanical properties of the film

3. Design an advanced reactor for fabricating large area thin films with low cost.
4. Use VO2(M) nanomaterials for other applications, including solar thermal devices, gas sensor,
catalyst, ultrafast Li-ion batteries.
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APPENDIX: SUPORTING INFORMATION
28 MPa, 40oC, R=4
BATCH 1

BATCH 2

BATCH 3

BATCH 4

BATCH 5

BATCH 6

Position
1212.48
1287.46
1413.45
1527.19
1709.42
1768.04
1213.63
1288.41
1415.61
1530.93
1712.23
1768.29
1208.67
1288.39
1415.63
1534.67
1712.55
1768.56
1208.63
1288.37
1415.79
1534.67
1712.62
1768.79
1208.24
1288.19
1417.89
1538.61
1712.81
1767.76
1211.16
1286.87
1413.64
1527.19
1713.27
1764.67

Height
0.328
0.925
0.742
0.300
1.142
0.263
0.214
0.822
0.894
0.415
1.024
0.251
0.214
0.789
0.970
0.463
1.024
0.246
0.218
0.781
1.039
0.510
1.011
0.235
0.220
0.739
1.356
1.007
0.937
0.231
0.261
0.779
1.594
1.229
0.869
0.247
146

Width
162.360
32.863
63.614
155.381
37.155
25.602
143.285
34.034
59.531
129.139
30.462
25.197
190.223
33.105
56.030
123.862
29.070
26.447
171.212
33.902
55.596
122.512
28.474
27.927
169.998
31.968
64.806
82.648
27.482
24.418
50.707
42.623
79.151
87.072
25.703
17.405

BATCH 7

BATCH 8

BATCH 9

BATCH 10

BATCH 11

BATCH 12

1208.47
1287.96
1413.73
1523.46
1713.63
1766.40
1212.92
1288.19
1414.66
1519.72
1712.65
1765.11
1212.43
1287.38
1410.94
1519.72
1712.79
1765.46
1211.99
1287.48
1406.97
1515.98
1712.95
1766.49
1212.11
1286.90
1404.99
1515.98
1712.94
1766.96
1212.53
1286.21
1402.46
1515.98
1712.59
1766.66

0.207
0.663
1.613
1.232
0.808
0.207
0.205
0.688
1.666
1.141
0.770
0.209
0.213
0.651
1.670
1.209
0.739
0.198
0.231
0.648
1.691
1.293
0.735
0.188
0.228
0.600
1.705
1.206
0.723
0.176
0.214
0.571
1.744
1.242
0.676
0.166

170.998
28.463
95.831
80.157
25.482
20.215
76.343
24.579
130.670
59.886
27.409
17.296
94.554
22.452
138.446
61.875
26.904
16.038
179.054
36.657
103.423
88.833
26.093
18.767
168.478
32.929
132.510
82.397
25.488
19.387
190.345
40.312
140.549
80.128
26.193
17.864

Position

Height

Width

28 MPa, 60oC, R=4
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BATCH 1

BATCH 2

BATCH 3

BATCH 4

BATCH 5

BATCH 6

BATCH 7

BATCH 8

1227.82
1287.57
1415.20
1533.39
1714.41
1767.02
1220.00
1287.61
1417.67
1534.67
1714.42
1766.97
1220.52
1287.27
1418.76
1523.46
1714.52
1762.10
1282.58
1410.03
1515.98
1714.58
1760.52
1288.69
1398.82
1519.72
1714.14
1758.86
1299.63
1398.87
1512.24
1714.86
1760.61
1301.97
1390.99
1515.98
1715.73
1759.79
1299.55
1389.88

0.442
0.933
0.788
0.396
1.274
0.276
0.431
0.976
0.883
0.507
1.266
0.268
0.365
0.690
2.066
1.925
0.884
0.223
0.507
2.090
1.850
0.520
0.174
0.730
2.117
1.862
0.388
0.182
1.294
1.893
1.940
0.391
0.156
1.012
1.735
1.714
0.324
0.149
1.220
1.686
148

199.992
26.926
63.966
128.216
39.363
27.867
155.241
29.718
77.402
97.861
39.874
26.931
175.037
28.980
76.382
105.841
25.494
25.153
132.808
115.035
113.743
23.475
19.324
135.373
129.789
111.912
18.051
29.582
137.111
113.620
115.387
21.758
17.326
188.740
158.230
116.131
15.897
16.013
167.017
138.139

BATCH 9

BATCH 10

BATCH 11

1512.25
1715.71
1759.90
1295.36
1388.19
1512.25
1715.78
1760.18
1298.64
1390.77
1512.25
1715.90
1759.72
1283.00
1390.62
1512.25
1718.64
1760.42

1.844
0.291
0.149
1.322
1.714
1.908
0.269
0.138
1.367
1.620
1.841
0.252
0.130
1.461
1.695
1.810
0.186
0.091

123.725
16.251
17.319
157.140
127.322
127.431
15.558
17.482
167.338
136.528
124.696
15.050
16.291
168.681
140.684
120.578
11.445
15.190

Position
1215.71
1286.86
1418.89
1542.09
1716.20
1770.21
1302.91
1391.12
1512.25
1718.16
1763.23
1292.11
1388.93
1512.20
1717.48
1759.12
1294.07
1396.40

Height
0.532
0.758
1.016
0.586
1.150
0.364
1.340
1.473
1.743
0.193
0.203
1.704
1.432
1.793
0.159
0.093
1.714
1.522

Width
199.935
27.936
95.210
80.747
36.941
39.059
197.663
146.017
122.675
12.788
29.280
184.722
138.754
121.882
8.873
10.795
185.006
151.408

28 MPa, 80oC, R=4
BATCH 1

BATCH 2

BATCH 3

BATCH 4
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BATCH 5

BATCH 6

1517.95
1717.09
1758.32
1291.59
1393.27
1512.25
1717.66
1795.05
1387.61
1492.86
1728.45
1758.82

1.694
0.160
0.076
1.769
1.443
1.797
0.145
0.094
1.791
2.412
0.245
0.119

107.724
7.299
4.300
181.690
134.969
119.612
8.954
10.911
77.763
199.067
73.393
3.919

Position
1226.93
1289.59
1417.00
1534.05
1713.73
1765.44
1282.98
1422.32
1540.16
1713.90
1765.47
1285.33
1432.46
1539.87
1713.67
1763.63
1283.02
1428.72
1537.38
1713.50
1761.31
1283.59
1398.96
1519.98

Height
0.388
0.957
0.759
0.403
1.237
0.211
0.866
0.944
0.667
1.233
0.202
0.786
1.831
1.819
1.068
0.188
0.704
2.207
1.961
0.806
0.172
0.738
2.124
1.930

Width
200.000
24.869
76.485
101.930
37.085
21.484
91.235
74.959
84.528
34.754
23.182
97.488
76.790
63.859
31.052
21.397
100.224
93.904
78.006
27.701
17.719
118.752
113.249
115.495

28 MPa, 40oC, R=2
BATCH 1

BATCH 2

BATCH 3

BATCH 4

BATCH 5
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BATCH 6

BATCH 7

BATCH 8

BATCH 9

1713.88
1759.01
1289.28
1386.80
1512.28
1714.15
1758.23
1295.06
1389.05
1512.22
1714.22
1758.42
1298.96
1398.46
1515.98
1714.19
1758.19
1290.38
1395.25
1515.97
1714.95
1757.95

0.467
0.137
0.906
1.944
1.892
0.398
0.113
1.208
1.829
1.897
0.378
0.115
1.516
1.633
1.805
0.971
0.110
1.688
1.576
1.807
0.282
0.081

19.958
12.105
147.440
126.517
126.225
15.045
8.639
143.365
124.867
123.809
15.169
9.627
162.615
138.393
111.340
16.556
9.453
168.496
135.719
113.481
16.176
6.310

Position
1232.56
1287.26
1413.81
1534.67
1701.14
1762.16
1279.24
1419.86
1534.24
1712.19
1764.98
1279.24
1420.70
1534.21

Height
1.304
1.166
1.492
0.635
1.452
0.253
1.059
1.459
0.810
1.278
0.226
1.059
1.851
1.270

Width
104.891
29.724
79.852
81.843
70.047
13.379
88.522
60.837
94.795
40.651
19.686
87.171
71.406
83.369

28 MPa, 40oC, R=6
BATCH 1

BATCH 2

BATCH 3
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BATCH 4

BATCH 5

BATCH 6

BATCH 7

BATCH 8

BATCH 9

1712.50
1764.82
1284.22
1417.79
1523.46
1712.78
1764.04
1282.98
1413.18
1519.72
1713.49
1764.14
1284.91
1409.68
1515.98
1713.85
1764.05
1282.98
1404.40
1512.25
1713.97
1764.16
1282.98
1401.28
1514.21
1714.14
1764.23
1282.98
1399.41
1512.24
1714.63
1763.72

1.223
0.218
1.170
2.070
1.315
1.130
0.200
1.097
2.148
1.559
1.065
0.193
1.034
2.164
1.546
1.014
0.181
0.997
2.160
1.575
0.942
0.166
0.906
2.146
1.630
0.916
0.163
0.981
2.107
1.625
0.872
0.155
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37.759
22.129
44.539
111.808
64.278
42.399
15.386
75.649
88.531
94.191
36.920
20.147
82.817
104.482
95.500
35.138
19.628
93.512
116.776
98.849
36.056
18.045
109.891
124.517
100.902
33.541
19.591
119.431
122.656
105.444
31.407
18.295
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Fig. UV-vis spectra of W doped VO2/GO (hydrothermal reaction at 300oC, 6.5 days, 2 at. % W
doping) taken at temperatures of 25 and 90oC.
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Fig. First order reaction (sol gel with scCO2 at 40oC, 28 MPa, R=4) with reaction constant
k=0.1658
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Proposed, designed and set up a new intelligent material system to develop functional
materials for smart window coating.
Applied for various chemical and physical methods to synthesize VO2 by controlling and
optimizing their nano-structure.
Investigated the effects of experimental parameters including reaction temperature, dopant
content, reaction pressure, reaction time and volumetric ratio to optimize the product
properties.
Prepared thin layers graphene oxide.
Different atoms doped VO2/GO hybrid with GO matrix wrapped nanotube, nanorod,
nanosphere and nanofiber structures.

Preparation and characterization of the novel multi-layer organic-inorganic materials
•
•
•
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Integrated VO2 into polymers with various polymers including PMMA, PU, and PET to
create higher performance products.
Stability of products was analysis by TGA, DSC, Raman, FTIR and GPC.
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film and tested their optical switching properties and phase transition parameters for smart
window coatings.
Analyzed material characterization with XRD, XPS, UV-vis spectrum, SEM, TEM, XANE,
EDX and so on.

Research on the mechanism and kinetics of reactions using FTIR and Raman
•
•
•

Applied for FTIR and Raman spectroscopies to explore the reaction mechanism and
kinetics.
Investigated the morphology, phase state, optical transmittance and phase transition
temperature relationship.
Developed doped VO2 polymer-composites for smart window coatings to change the
glazing characteristics for switching and controlling both light and heat flow.

Development of the novel materials for other applications
•

Synthesized VO2/GO as cathodes for ultrafast lithium storage to improve cell properties in
several ways.

Master project

2010-2012

University of Ottawa

Synthesized novel visible light driven photocatalyst for wastewater treatment
•

Prepared highly effective visible light-driven photocatalytic nanomaterial (Bi2WO4) for
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degradation of various dyes in wastewater.
Characterized materials by XRD, XPS, SEM, TEM, HPLC and UV-VIS diffuse reflectance
spectroscopy, etc.
Studied material size, morphology and optical absorption properties in visible light and UV
light.
The project included reactor design, material synthesis, material modification, material
characterization, mechanistic analysis, large scale application cost and optical absorption
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ABSTRACT OF PhD THESIS
Progress in the development of energy-efficient coatings on glass has led to study of
thermochromic smart windows especially for the fabrication of VO2 materials with a good
performance on optical switching. In this work, different atoms doped VO2(M) was
successfully prepared in one-step hydrothermal method and sol-gel under supercritical CO2
method with controlling and optimizing their nano-structures. The products were separately
characterized by XRD, XPS, SEM, TEM, TGA, Raman, FTIR, XANE, EDX and DSC.
Multi-layer functional thin film polymer coatings were prepared by Roll-to-Roll
technology with controlled optical and heat flow properties, in order to control sunlight
with low cost. This VO2(M)/polymer film was enabled to tune the phase transition
temperature low to 45oC for optical switch and high to 120oC for solar thermal cells
applications.
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